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1. Introducción y objetivos 
 
En la práctica clínica se ha observado una gran variabilidad 
en la respuesta terapéutica y tóxica entre los pacientes tratados con 
lenalidomida a dosis equivalentes. Entre los factores que pueden 
explicar la distinta respuesta clínica se encuentra la variabilidad 
inherente a los procesos farmacocinéticos y farmacodinámicos, 
cuyo análisis y manejo en el paciente constituye un reto para los 
profesionales sanitarios. 
El interés por conocer y cuantificar las distintas fuentes de 
variabilidad en la respuesta farmacológica se fundamenta en la 
hipótesis de que reducir la variabilidad en la disposición del 
fármaco en el organismo se traduce en disminuir variabilidad en la 
respuesta clínica, tanto en términos de eficacia como de toxicidad y 
calidad de vida de los pacientes. 
En este contexto, el cálculo de los parámetros 
farmacocinéticos individuales de un paciente a partir de la 
monitorización de las concentraciones plasmáticas de los fármacos 
ha demostrado ser una herramienta útil para la individualización 
posológica de fármacos con estrecho margen terapéutico y elevada 
variabilidad farmacocinética y farmacodinámica, como es el caso de 
los fármacos antineoplásicos. Esta estrategia se utiliza para 
optimizar la selección de la dosis de fármaco necesaria para cada 
paciente al inicio o en cada ciclo de tratamiento.  
Lenalidomida se encuentra aprobada en España para el 
tratamiento del mieloma múltiple en pacientes previamente tratados 
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con al menos una línea de tratamiento y en primera línea en 
pacientes no candidatos a trasplante. La pauta posológica habitual 
de lenalidomida es de 25 mg diarios los días 1 a 21 de cada ciclo de 
28 días. Sin embargo, se recomiendan ajustes de dosis al inicio de la 
terapia y durante todo el periodo de tratamiento para pacientes con 
insuficiencia renal moderada o severa o enfermedad renal terminal. 
Además, se recomienda el ajuste de la dosis para minimizar la 
trombocitopenia de grado 3 o 4, neutropenia u otra toxicidad de 
grado 3 o 4 que se considere relacionada con lenalidomida (26). Por 
todo ello, en la práctica habitual no todos los pacientes reciben la 
misma dosis de mantenimiento de este fármaco y se desconoce si la 
mayor o menor exposición al fármaco, resultado de la 
administración de dosis mayores o menores, tiene una implicación 
significativa en la respuesta terapéutica y/o tóxica al tratamiento 
con lenalidomida.  
El trabajo desarrollado en esta Tesis está encaminado a 
estudiar el perfil farmacocinético de lenalidomida administrada en 
pacientes diagnosticados de mieloma múltiple y a evaluar la 
relación entre los parámetros farmacocinéticos y los parámetros de 
respuesta terapéutica y tóxica al tratamiento con este fármaco. El fin 
último del estudio es disponer de conocimiento que permita 
justificar las diferentes pautas de administración utilizadas para este 
fármaco en la práctica clínica y con ello aportar información que 
ayude a individualizar y optimizar el tratamiento con lenalidomida 






1 Desarrollar un modelo farmacocinético poblacional de 
lenalidomida en pacientes diagnosticados de mieloma múltiple 
que permita identificar y evaluar el impacto de los parámetros 
biométricos, bioquímicos o clínicos que se comporten como 
covariables predictoras de los parámetros farmacocinéticos del 
fármaco. 
2 Obtener un modelo farmacocinético/farmacodinámico (FC/FD) 
poblacional de lenalidomida en pacientes diagnosticados de 
mieloma múltiple subsidiarios de tratamiento con este fármaco 
que permita conocer los factores de riesgo asociados con la 
progresión de la enfermedad y con el desarrollo de toxicidad. 
  
2. Pacientes y Métodos 
 
Estudio observacional, prospectivo y no controlado. Para el 
desarrollo de esta Tesis Doctoral se realizaron los siguientes 
estudios: 
 
o Un análisis farmacocinético poblacional, en un subgrupo 
integrado por pacientes de los que se disponía de 
muestras de sangre. 
o Dos análisis farmacocinéticos/farmacodinámicos, 
utilizando los datos clínicos disponibles del total de 
pacientes incluidos en el estudio.  
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Los estudios se realizaron en el Hospital Universitario 
Doctor Peset de Valencia, España, de enero de 2014 a agosto de 
2016. Antes del inicio de los estudios, el Comité Ético de 
Investigación Clínica del Hospital Universitario Doctor Peset de 
Valencia revisó y aprobó el protocolo, la hoja informativa y el 
formulario de consentimiento informado (CEIC-BGL-001). Todos 
los sujetos firmaron el consentimiento informado antes de la 
recogida de muestras. El estudio se llevó a cabo en concordancia 
con las Directrices para Buenas Prácticas Clínicas de la Conferencia 
Internacional de Armonización (ICH) (69). 
 
2.1 Criterios de inclusión y exclusión 
 
Los pacientes que cumplieron con todos los siguientes 
criterios fueron elegibles para la inclusión en el estudio: 
 
- Pacientes con mieloma múltiple activo definido según los 
criterios del International Myeloma Working Group (10). 
- Edad entre 18 y 90 años. 
- Sexo masculino o femenino. 
- Tratados con lenalidomida (Revlimid®) en combinación 
con dexametasona a cualquier nivel de dosis en el momento 
de la inclusión. 
- Tratados con lenalidomida y dexametasona como primera, 
segunda o posterior línea de tratamiento. 




- Capaces de otorgar consentimiento informado. 
 
Los pacientes que cumplían alguno de los siguientes 
criterios no fueron elegibles para ser incluidos en el estudio: 
 
- Cualquier condición médica grave o enfermedad 
psiquiátrica que impidiera que el sujeto firmara el formulario 
de consentimiento informado. 
- Mujeres embarazadas o lactantes. 
- Sospecha de incumplimiento terapéutico. 
 
2.2 Tratamiento con lenalidomida 
 
Lenalidomida se administró en combinación con 
dexametasona siguiendo las recomendaciones especificadas por el 
fabricante. La dosis inicial de lenalidomida para el tratamiento del 
mieloma múltiple es de 25 mg diarios los días 1 a 21 de cada ciclo 
de 28 días. La dosis recomendada de dexametasona es de 40 mg por 
vía oral una vez al día en los días 1, 8, 15 y 22 de cada ciclo 
repetido de 28 días. Para pacientes mayores de 75 años, la dosis 
inicial de dexametasona es de 20 mg/día en los días 1, 8, 15 y 22 de 
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2.3 Variables del estudio 
 
Las variables definidas para el desarrollo del estudio se 
encuentran resumidas en las Tablas 4.1, 4.2, 4.3 y 4.4 del texto 
principal de la Tesis y se reproducen a continuación. La principal 
fuente de información utilizada para recoger las variables del 
estudio fue la historia clínica electrónica, implementada en las 
aplicaciones Orion Clinic® (Everis, España) y Farmis_Oncofarm® 
(IMF S.L., España). 
 
 
Tabla 4.1. Variables del estudio: características demográficas. 
Variable Tipo Comentarios 
Edad (años) Cont. - 
Género Dic. (0: hombre; 1: mujer) 
Peso (kg) Cont. - 
Talla (cm) Cont. - 
Superficie corporal (m2, 
SC, método de Du Bois)  
Cont. 0.007 · 𝑃𝑒𝑠𝑜(𝑘𝑔)!.!" · 𝑇𝑎𝑙𝑙𝑎(𝑐𝑚)!.!" 













Tabla 4.2. Variables del estudio: pruebas de laboratorio. 
Variable Tipo Comentarios 
Creatinina sérica 
(mg/dL) Cont. 
Ámbito de referencia: 
Hombre: 0.65 a 1.35 
Mujer: 0.43 a 0.83 
Aclaramiento de 
creatinina (mL/min, 
CRCL, fórmula  de 
Cockcroft-Gault) 
 










Ámbito de referencia: 
Hombre: 12.0 a 16.0 
Mujer: 11.5 a 15.5 
 
Recuento de neutrófilos 
(céls/L) Cont. 
Ámbito de referencia:  
2.5–7.5×109 
 
Calcio sérico (mg/dL) 
Cont. 
Ámbito de referencia: 8.1-10.5 
 
Albúmina sérica (g/dL) 
Cont. Ámbito de referencia: 3.5 a 5.2 
 
Inmunoglobulina 
plasmática total (g/dL) Cont. 
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Tabla 4.3. Variables del estudio: información relacionada con la enfermedad. 
Variable Tipo Comentarios 
Tipo de proteína monoclonal 
(determinado por electroforesis) 
 
Dic. (0: IgG; 1: IgA, cadenas 
ligeras y no secretor) 
 
Tipo de cadenas ligeras  
(determinado por electroforesis) 
 
Dic. (0: kappa; 1: lambda) 
 
Estadio del mieloma múltiple  
(siguiendo los criterios del Sistema 
Internacional de Estadiaje (16)) 
 
Cat. 
(1: Estadio I; 2: Estadio II; 
3: Estadio III) 
 
Tiempo desde el inicio de lenalidomida 





Tiempo desde el inicio de lenalidomida 





Expresión de CD138, CD38, CD56, 
CD19 y CD45 por las células de 
mieloma (determinado por hibridación 
fluorescente in situ (FISH)) 
  
Dic. 
(0: ausente; 1: presente) 
 
Anormalidades citogenéticas de p53 
(17p13), Rb1 (13q14) o IGH/FGFR 
t(4;14) (determinado por FISH) 
Dic. (0: ausente; 1: presente) 
 











Tabla 4.4.Variables del estudio: información relacionada con el tratamiento. 
Variable Tipo Comentarios 
Dosis de lenalidomida (mg/día) 
 
Cont. - 
Número de ciclos de lenalidomida 
administrados antes de la toma de 
muestras de sangre  
 
Cont. - 




Trasplante autólogo de progenitores 
hematopoyéticos previo a lenalidomida 
Dic. (0: No; 1: Sí) 
Cont: continua; Dic: dicotómica. 
 
2.4 Monitorización de la respuesta terapéutica y tóxica 
 
La respuesta terapéutica de los pacientes al tratamiento fue 
evaluada por médicos especialistas en hematología de acuerdo con 
la práctica clínica habitual, sin alterar el seguimiento de los 
pacientes, utilizando los criterios de respuesta del International 
Myeloma Working Group (22). 
La evaluación de la magnitud de la respuesta tóxica se 
evaluó empleando los criterios CTCAE (The National Cancer 
Institute Common Terminology Criteria for Adverse Events, 
CTCAE) versión 4.0 (70).  
 
2.5 Esquema de obtención de muestras 
 
El esquema de obtención de muestras de sangre se diseñó en 
base a los perfiles de concentración plasmática-tiempo de 
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lenalidomida previamente publicados (71-73). En el primer día de 
uno de los ciclos de tratamiento, se tomaron muestras de sangre (5 
mL) a las 0.5, 1, 2 y 4 horas después de la administración oral de 
lenalidomida. Las muestras se tomaron con ayuda de tubos de 
recolección de sangre con EDTA (Vacutainer® tapón violeta). Se 
obtuvieron muestras de plasma por centrifugación de las muestras 
de sangre a 3000 rpm y se almacenaron a 4ºC durante un máximo 
de 24 horas antes de la determinación de lenalidomida. 
La recolección de muestras de sangre se realizó en el ciclo 
de tratamiento posterior a la inclusión de cada paciente en el 
estudio. Así, para cada paciente incluido en el estudio únicamente 
se recogieron muestras de sangre en un ciclo de tratamiento.  
 
2.6 Método analítico 
 
La cuantificación de lenalidomida en las muestras de sangre  
se realizó por cromatografía líquida de alta resolución (HPLC). Para 
ello, se utilizó un cromatógrafo líquido de alta resolución Agilent 
Technologies 1100 (Agilent Technologies, Santa Clara, CA). La 
separación se llevó a cabo en una columna Xterra RP C18 (250 mm 
× 4.6 mm i.d., 5-µm), fabricada por Waters Corporation (Milford, 
MA). La temperatura de la columna se mantuvo a 21 ± 2 °C. La 
fase móvil empleada fue tampón fosfato/acetonitrilo (85:15, v/v, pH 
3.2) a un flujo de 0.5 mL/min. Se inyectaron 80 µL de muestra a 
través de una válvula Rheodyne (Rheodyne, Cotati, CA) y se utilizó 




El método analítico se validó de acuerdo con las guías ICH 
para un ámbito de concentraciones de lenalidomida comprendido 
entre 100 y 950 ng/mL. La validación del método consistió en la 
evaluación de la linealidad, del límite inferior de detección y 
cuantificación, la especificidad, la exactitud y precisión intra- e 
inter-día, la recuperación y la robustez del método (75).  
2.7 Análisis farmacocinético  y farmacocinético-
farmacodinámico de lenalidomida 
Se realizó un análisis farmacocinético poblacional de 
lenalidomida en pacientes con mieloma múltiple utilizando los 
datos de concentración plasmática-tiempo obtenidos tras analizar 
por HPLC las muestras de sangre recogidas. Así mismo, se estudió 
el efecto de diversas covariables bioquímicas y clínicas sobre la 
exposición a lenalidomida. 
Una vez obtenido el modelo farmacocinético poblacional de 
lenalidomida, el siguiente paso fue describir la evolución temporal 
del efecto del fármaco, relacionando los parámetros 
farmacocinéticos de exposición a lenalidomida [área bajo la curva 
concentración plasmática-tiempo (AUC) o concentración 
plasmática máxima (Cmax)] con los parámetros de respuesta 
terapéutica o tóxica al tratamiento. 
Para ello, se realizaron dos análisis FC/FD: 
 
- Exposición-respuesta terapéutica a lenalidomida, con el fin 
de identificar factores de riesgo de progresión del mieloma 
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múltiple durante el tratamiento con lenalidomida. 
 
- Exposición-toxicidad a lenalidomida, para identificar 
factores de riesgo de neutropenia severa relacionada con 
lenalidomida. 
 
La variable de respuesta terapéutica utilizada para el primer 
análisis FC/FD fue el tiempo comprendido entre el inicio del 
tratamiento con lenalidomida y la progresión de la enfermedad. Para 
el segundo, la variable utilizada fue el tiempo transcurrido desde el 
inicio del tratamiento con lenalidomida hasta la aparición en el 
paciente de neutropenia severa (grado 3 o 4) relacionada con el 
tratamiento con lenalidomida. 
Para estimar los parámetros de los modelos (FC y FC/FD) se 
utilizó el método de modelado no lineal de efectos mixtos. 
El desarrollo de los modelos (FC y FC/FD) se realizó en tres 
etapas: (1) se construyó el modelo base; (2) se identificó el modelo 
de covariables con la selección de los parámetros biométricos, 
bioquímicos o clínicos del paciente que mostraron un impacto 
significativo en los parámetros del modelo base y (3) se evaluó y 
validó el modelo final (modelo base y modelo de covariables). 
 
2.7.1 Desarrollo del modelo 
2.7.1.1 Programa Informático 
Se utilizó el programa informático NONMEM v7.3 (Icon 




experimentales utilizados para estimar los parámetros 
farmacocinéticos de lenalidomida en pacientes con mieloma 
múltiple fueron los pares de valores de concentración plasmática-
tiempo. 
Los programas PsN toolkit 3.4.2 (77) y Piraña versión 2.8.0 
(78) se utilizaron como entorno de modelado. Para el análisis de los 
resultados obtenidos en los diferentes estudios se utilizó el paquete 
de software estadístico R (v2.15.2) y RStudio (v0.97.248, Boston, 
MA, USA). 
Se utilizó el método de estimación condicional de primer 
orden con interacción (FOCE-I) para la construcción del modelo 
farmacocinético. Los parámetros farmacocinéticos individuales se 
estimaron utilizando el método bayesiano de máxima probabilidad a 
posteriori implementado en la opción POSTHOC en NONMEM. 
La aproximación de primer orden (FO) se utilizó para la estimación 
de parámetros en los modelos FC/FD. 
 
2.7.1.2 Modelo farmacocinético base 
Tras el análisis exploratorio de datos experimentales de 
concentración plasmática-tiempo se ajustaron los modelos 
farmacocinéticos mono- y bi-compartimental con eliminación de 
primer orden. Para definir la fase de absorción del fármaco se 
exploró el uso de compartimentos de tránsito, seleccionando el 
número de compartimentos que debían incorporarse al modelo 
utilizando el cambio en el valor de la función objetiva (OFV) como 
criterio de inclusión o exclusión de la adición de compartimentos. 
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La variabilidad entre sujetos fue evaluada en todos los 
parámetros del modelo estructural empleando un modelo 
exponencial. Para explicar la variabilidad residual se evaluaron los 
modelos de error aditivo, proporcional, exponencial, Poisson y 
aditivo-proporcional.  
 
2.7.1.3 Modelos farmacocinéticos/farmacodinámicos base  
Con el fin de describir el tiempo hasta la progresión del 
mieloma múltiple o el tiempo hasta el desarrollo de neutropenia 
severa se empleó un modelo de tiempo hasta el evento paramétrico. 
Para el desarrollo del modelo base se evaluaron diferentes 
distribuciones del riesgo basal: Weibull, exponencial, Gompertz, 
log-logística y log-normal. 
 
2.7.1.4 Modelo farmacocinético de covariables 
Las variables de estudio se normalizaron a los valores de la 
mediana poblacional. En primer lugar, se construyeron gráficos de 
los valores de los efectos aleatorios (variabilidad interindividual) 
del aclaramiento aparente (CL/F), el volumen de distribución 
aparente (Vd/F) y la constante de absorción (ka) frente a las 
covariables de estudio. 
Sobre la base de este análisis de diagnóstico se estudió, 
mediante análisis univariante, cada una de las covariables 
seleccionadas utilizando distintas estrategias de modelado (centrada 
en la mediana, escalado alométrico, etc.). Tras este análisis, se 




implementado en el programa PsN para seleccionar el modelo de 
covariables óptimo.  
2.7.1.5 Modelo farmacocinético/farmacodinámico de covariables 
Para explorar el efecto de la exposición a lenalidomida 
como factor de riesgo de progresión del mieloma múltiple o como 
factor de riesgo de desarrollar neutropenia severa, se calcularon los 
parámetros de exposición a lenalidomida (AUC0-∞ y Cmax). En los 
pacientes con los que se desarrolló el modelo farmacocinético, se 
utilizaron los parámetros farmacocinéticos individuales estimados 
mediante el método bayesiano de máxima probabilidad a posteriori. 
Sin embargo, para los pacientes no incluidos en el análisis 
farmacocinético, se realizaron simulaciones determinísticas y se 
calcularon los parámetros AUC0-∞ y Cmax utilizando los parámetros 
farmacocinéticos poblacionales obtenidos en el estudio 
farmacocinético.  
La evaluación de covariables se realizó de la forma descrita 
para el modelado farmacocinético en el apartado 2.7.1.4. 
 
2.7.2 Criterios de selección del modelo final 
La selección del modelo se basó en cambios en el valor de la 
función mínima objetiva (OFV). En cuanto a los modelos de 
covariables, los niveles de significación se fijaron en 0,05 y 0,01 
para inclusión y exclusión, respectivamente. El efecto de las 
covariables sólo se mantuvo en el modelo si la inclusión dio lugar a 
una reducción de la variabilidad aleatoria y mejoró el ajuste del 
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modelo. Otros criterios empleados fueron los gráficos de bondad de 
ajuste, el error estándar relativo y el shrinkage. 
 
2.7.3 Validación del modelo final 
La validación del modelo final seleccionado se realizó 
mediante los gráficos  que proporciona el método visual predictive 
check (VPC) y mediante la técnica de remuestreo bootstrap. 
 
3. Resultados 
3.1 Pacientes y tratamiento 
 
Se incluyeron en el estudio 54 pacientes con mieloma 
múltiple tratados con lenalidomida. Para el análisis farmacocinético 
poblacional, se recogieron muestras de sangre de 15 pacientes 
(subgrupo FC) del total de los 54 pacientes incluidos en el estudio. 
Para los análisis FC/FD se utilizaron los datos clínicos del total de 
pacientes incluidos (54 pacientes). Las características demográficas, 
características de la enfermedad  y del tratamiento de los pacientes 
incluidos en el estudio se resumen en las tablas que se exponen a 
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Tabla 5.2 Características demográficas de los pacientes incluidos en el estudio: 
variables categóricas. 
 Subgrupo FC (n=15) Total de pacientes (n=54) 










Tipo de proteína monoclonal 
Inmunoglobulina G 
Inmunoglobulina A 
























Trasplante de progenitores 






































































15 mg/ día 
10 mg/ día 















*17 pacientes fueron tratados con un solo nivel de dosis; 22 fueron tratados con dos 
niveles de dosis; 9 con tres niveles de dosis; 3 pacientes con 4 niveles de dosis y 1 fue 





3.2 Método Analítico 
 
Se desarrolló y validó con éxito un método de cromatografía 
líquida de alta resolución (HPLC) con detección UV para la 
determinación de lenalidomida en plasma humano. Los resultados 
obtenidos en la validación del método analítico ponen de manifiesto 
la adecuada linealidad, límite de detección y cuantificación, 
exactitud y precisión, recuperación y robustez del método 
desarrollado. 
 
3.3 Análisis farmacocinético 
 
Se obtuvieron un total de 53 muestras de sangre procedentes 
de 15 pacientes. Las concentraciones plasmáticas de lenalidomida 
observadas en las muestras analizadas en función del tiempo junto 
con las medias y su desviación estándar están representadas en la 
figura siguiente (Fig 5.4 del texto principal de la Tesis). 
 




Fig 5.4 Media (±desviación estándar) de las concentraciones plasmáticas de 
lenalidomida en función del tiempo para los diferentes niveles de dosis. Los 
puntos negros representan los valores observados. Dosis de 25 mg/día, n=6; 
Dosis de 15 mg/ día, n=5; Dosis de 10 mg/ día, n=2; Dosis de 5 mg/ día, n=2. 
 
3.3.1 Modelo farmacocinético base 
El modelo que mejor describió los datos experimentales fue 
un modelo monocompartimental con 3 compartimentos de tránsito 
para describir la absorción del fármaco y con eliminación de primer 
orden. La variabilidad interindividual se describió con el modelo de 
error exponencial y la variabilidad residual se describió con el 





3.3.2 Modelo de covariables 
El aclaramiento de creatinina se identificó como covariable 
predictora del CL/F; el CL/F disminuye y la concentración de 
lenalidomida aumenta con el descenso del aclaramiento de 
creatinina. Así mismo, la superficie corporal (SC) se identificó 
como covariable predictora del Vd/F; Vd/F aumenta con el aumento 
de la SC.  
 
3.3.3 Evaluación del modelo final 
Los gráficos de bondad de ajuste del modelo final muestran 
que tanto las predicciones poblacionales como las predicciones 
individuales se aproximan a las concentraciones observadas (Fig 
5.15 del texto principal de la Tesis).  
El porcentaje de réplicas del método bootstrap con 
minimización satisfactoria fue del 91%. Además, las medianas y los 
percentiles 2,5 y 97,5 de las estimas de todos los parámetros de 
efecto fijo obtenidos con este método se situaron dentro del 15% del 
valor de los parámetros obtenidos con el modelo final. Así mismo, 
los intervalos de confianza del 95% de los parámetros estimados 
indican un buen rendimiento y estabilidad del modelo (Tabla 5.13). 
 
  





















































































































































































































































































































































































































































































































































































































Fig 5.15 Gráficos de bondad de ajuste para el modelo final. IPRED: predicciones 
individuales; PRED: predicciones poblacionales; DV: concentraciones de lenalidomida 
observadas; CWRES: residuales condicionales ponderados; HOUR: tiempo desde la 
administración de lenalidomida en horas. 
Los resultados del VPC muestran la comprobación visual 
predictiva del modelo. El modelo final fue capaz de describir las 
concentraciones observadas de lenalidomida con adecuada exactitud 
y precisión (Fig 5.16). 






Fig 5.16 Resultados de la comprobación visual predictiva (VPC) del modelo 
farmacocinético desarrollado.  
 
3.4 Análisis farmacocinético/farmacodinámico 
3.4.1 Exposición a lenalidomida-tiempo hasta la progresión de 
la enfermedad 
 
Se incluyeron 54 pacientes adultos diagnosticados de 
mieloma múltiple tratados con lenalidomida. Se registraron un total 
de 26 progresiones de enfermedad. El tiempo máximo de 
seguimiento fue de 1000 días. Cinco pacientes precisaron la 
suspensión del tratamiento por efectos adversos. 
 
3.4.1.1 Modelo farmacocinético/farmacodinámico base 
La distribución del riesgo que mejor describió el tiempo 

























Esta selección se realizó de acuerdo con el valor de OFV obtenido 
en cada ajuste y en los gráficos de bondad de ajuste construidos 
(Kaplan-Meier). 
 
3.4.1.2 Modelo de covariables 
El modelo final de tiempo hasta la progresión de la 
enfermedad incluyó como factores predictores del riesgo de 
progresión del mieloma múltiple los niveles de β-2-microglobulina 
sérica, haber recibido un trasplante de progenitores 
hematopoyéticos previo al tratamiento con lenalidomida, el tipo de 
proteína monoclonal y el AUC0-∞ de lenalidomida. 
 
3.4.1.3 Evaluación del modelo final 
La evaluación de la precisión de los parámetros del modelo 
se realizó con 1000 réplicas de bootstrap. Los IC del 95% obtenidos 
por el método de bootstrap para los parámetros estudiados indican 
que el rendimiento y la estabilidad del modelo final fueron 
aceptables (Tabla 5.17). 
Las gráficas VPC del modelo seleccionado de tiempo hasta 
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Por cada aumento de 1 






Sí frente a No 3.56 1.65-18.73 
Tipo de proteína 
monoclonal 
 
IgA, cadenas ligeras o 
no secretor frente a 
IgG 
3.97 2.02-14.67 
AUC0-∞ de lenalidomida Inferior a 1110 µg·h/L 1.00 - 
  Por cada aumento de 
100 µg·h/L por encima 





Fig 5.18 Gráficos de VPC de Kaplan–Meier. La línea sólida representa la curva de 
Kaplan-Meier observada para el tiempo hasta la progresión y el área sombreada 
representa el intervalo de predicción del 95% de la curva de supervivencia libre de 




3.4.2 Exposición a lenalidomida-tiempo hasta el desarrollo de 
neutropenia severa 
 
Se incluyeron 54 pacientes adultos diagnosticados de 
mieloma múltiple tratados con lenalidomida. Se registraron un total 
de 27 eventos. El tiempo máximo de seguimiento fue de 600 días.  
 
3.4.2.1 Modelo farmacocinético/farmacodinámico base 
De acuerdo con los criterios utilizados (OFV, bondad de 
ajuste de los gráficos), la distribución del riesgo que mejor describió 
el tiempo desde el inicio del tratamiento con lenalidomida hasta la 
neutropenia severa fue la distribución exponencial. 
 
3.4.2.2 Modelo de covariables 
El modelo final se normalizó por el recuento basal de 
neutrófilos (antes de iniciar el tratamiento con lenalidomida), e 
incluyó la edad y la Cmax de lenalidomida como factores predictores 
del riesgo de experimentar neutropenia severa.  
El riesgo de experimentar neutropenia severa durante el 
tratamiento con lenalidomida disminuyó un 22% por cada aumento 
de 1·109 céls/L en el recuento de neutrófilos basal del paciente. La 
edad también se identificó como factor de riesgo, con un aumento 
del riesgo por cada año de aumento en la edad del 4%. Por último, 
el riesgo de experimentar neutropenia severa aumentó en un 2% por 
cada aumento de 10 ng/mL en la Cmax de lenalidomida. 
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3.4.2.3 Evaluación del modelo final 
La evaluación de la precisión de los parámetros del modelo 
se realizó con 1000 réplicas de bootstrap. Los IC del 95% de los 
parámetros estimados indican que el rendimiento y la estabilidad 
del modelo final fueron aceptables (Tabla 5.21). Así mismo, las 
gráficas VPC del modelo seleccionado de tiempo hasta neutropenia 
severa muestran su validez (Fig 5.21). 
 








2.5 y 97.5 
Recuento basal 
de neutrófilos 














Fig 5.21 Gráficos de VPC de Kaplan–Meier. La línea sólida representa la curva de 
Kaplan-Meier observada para el tiempo hasta la neutropenia severa y el área sombreada 
representa el intervalo de predicción del 95% de la curva de supervivencia libre de 





Se obtuvo información clínica sobre el diagnóstico, estadio de la 
enfermedad y estado general de todos los pacientes incluidos en el 
estudio. Sin embargo, se obtuvieron muestras de sangre en una 
muestra reducida de pacientes (15 de los 54 que formaron parte del 
estudio). Esta baja participación de pacientes en el estudio 
farmacocinético se puede justificar si se tiene en cuenta que la 
mayoría de los pacientes habían recibido varios tratamientos previos 
por vía intravenosa, lo que incrementa las dificultades de obtener un 
acceso venoso. Lenalidomida se administra por vía oral por lo que 
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el acceso venoso era necesario única y exclusivamente para la 
obtención de las muestras de sangre para el estudio farmacocinético.  
Las características demográficas de los pacientes incluidos en el 
estudio fueron similares entre el subgrupo FC y la muestra total de 
pacientes incluidos. La muestra total de pacientes incluidos estaba 
compuesta en su mayoría por mujeres (29 mujeres, 54%), a 
diferencia del subgrupo FC (5 mujeres, 33%). En ambos grupos, el 
tipo predominante de proteína monoclonal fue IgG y cadena ligera 
kappa. La mayoría de los pacientes habían recibido un trasplante 
previo al tratamiento con lenalidomida, tanto en el subgrupo FC 
como en la muestra total de pacientes incluidos. Lenalidomida se 
administró con más frecuencia como tratamiento de segunda línea, 
y sólo dos pacientes recibieron lenalidomida como tratamiento de 
primera línea. Las anomalías citogenéticas sólo estuvieron presentes 
en tres de los 54 pacientes que componían la muestra total de 
pacientes incluidos. 
4.2 Método Analítico 
La cromatografía líquida-espectrometría de masas se ha 
utilizado para la determinación de lenalidomida en plasma debido a 
su alta sensibilidad y selectividad (81,82). Sin embargo, este tipo de 
detector no está disponible en la mayoría de los laboratorios debido 
a su alto coste. En los últimos años, se ha propuesto la detección de 
fluorescencia como una alternativa a los detectores de masas, pero 
lenalidomida no es un compuesto fluorescente, por lo que es 




manipulación de las muestras, el tiempo de procedimiento y la 
variabilidad (83,84).  
La fiabilidad de la información obtenida en la determinación de 
la concentración de fármaco es un tema extremadamente importante 
para la individualización del tratamiento de fármacos de estrecho 
margen terapéutico, como los fármacos antineoplásicos. Por este 
motivo, se desarrolló y validó con éxito un método de HPLC con 
detección UV para la determinación de lenalidomida en plasma 
humano. La validación del método analítico desarrollado 
(linealidad, precisión y robustez, recuperación) confirmó que el 
método es adecuado para la determinación analítica de lenalidomida 
en plasma humano en el ámbito de concentraciones de fármaco 
utilizadas. 
 
4.3 Análisis farmacocinético 
 
La farmacocinética poblacional de lenalidomida en 
pacientes con mieloma múltiple se ha descrito utilizando un modelo 
monocompartimental con eliminación de primer orden en el que se 
incluyen tres compartimentos de tránsito para describir la fase de 
absorción del fármaco. El retraso en la absorción de lenalidomida 
descrito en la literatura, con un tiempo hasta alcanzar las 
concentraciones plasmáticas máximas comprendido entre 0.5 y 4 
horas, se ha observado también en este estudio y se ha podido 
explicar mediante el empleo de compartimentos de tránsito, con una 
constante de primer orden para describir el paso del fármaco entre 




Según estudios previos (71,85), la absorción oral de 
lenalidomida es rápida. La administración del fármaco junto con 
alimentos ricos en grasas reduce el AUC y la Cmax en un 20% y 
50%, respectivamente, y retrasa el tiempo hasta alcanzar la Cmax en 
1,63 horas. Sin embargo, en los ensayos clínicos fase III que 
proporcionaron estos resultados, lenalidomida se dosificó sin tener 
en cuenta el efecto de los alimentos, debido a que la relevancia 
clínica del efecto de la administración con alimentos se consideró 
mínima. En el estudio de esta Tesis los pacientes tomaron 
lenalidomida siguiendo las recomendaciones de ficha técnica, es 
decir, con o sin alimentos, por lo que los resultados obtenidos 
representan, al igual que en el ensayo clínico indicado, ambas 
condiciones de administración. Este hecho puede justificar la 
elevada variabilidad que se observó en la constante de velocidad de 
absorción (CV~60%). 
El aclaramiento de creatinina y la superficie corporal se 
identificaron como covariables con impacto significativo en la 
farmacocinética de lenalidomida. El CL/F disminuye y la 
concentración de lenalidomida tiende a aumentar con la 
disminución del aclaramiento de creatinina. La variabilidad 
interindividual de CL/F disminuyó del 37% al 28% al incorporar 
esta covariable en el modelo. La adición de esta covariable en el 
modelo se apoya en estudios previos que condujeron a la 
recomendación de ajuste de dosis de lenalidomida en pacientes con 




farmacocinética de lenalidomida concluye que la función renal es el 
factor fisiológico más importante que afecta a la exposición 
plasmática de lenalidomida en humanos (85). 
Hasta ahora, lenalidomida se ha administrado utilizando una 
dosis inicial fija (25 mg/día) y la dosis solo se individualiza en 
función del aclaramiento de creatinina del paciente. Si el paciente 
desarrolla toxicidad de grado 3-4 durante el tratamiento, la dosis se 
reduce de forma empírica.  
Sin embargo, la superficie corporal se identificó en este 
estudio como covariable del Vd/F, con una disminución de la 
variabilidad inter-individual en este parámetro de 39% en el modelo 
estructural a 19% en el modelo final. Este tipo de relación entre 
superficie corporal y volumen de distribución es un hallazgo común 
en farmacocinética, por lo que los resultados obtenidos en este 
estudio se refuerzan y abren una nueva perspectiva hacia la 
individualización terapéutica de lenalidomida que sugiere utilizar la 
superficie corporal además del aclaramiento de creatinina para 
ajustar la dosis de este fármaco. 
Todas las concentraciones plasmáticas de lenalidomida 
analizadas se situaron en el ámbito de linealidad del método 
analítico desarrollado (100-950 ng/mL), excepto las muestras 
obtenidas en los pacientes que recibían 5 mg de lenalidomida (n=2), 
que fueron inferiores al límite de cuantificación de la técnica 
analítica (100 ng/mL). Sin embargo, el modelo farmacocinético 
desarrollado empleando los valores experimentales, aunque fueran 
inferiores al límite de cuantificación de la técnica analítica, presentó 
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un mejor ajuste que los modelos desarrollados omitiendo o 
reemplazado estos valores por debajo del límite de cuantificación. 
Por ello, para el desarrollo del modelo farmacocinético se utilizaron 
todos los valores de concentración plasmática disponibles. Esta 
decisión está respaldada y corroborada de acuerdo con la literatura 
consultada (80). 
Es importante tener en cuenta que el tamaño muestral 
disponible para este estudio ha sido limitado, lo que podría 
aumentar el sesgo a la hora de estimar los parámetros. Sin embargo, 
teniendo en cuenta la baja incidencia de mieloma múltiple (4 
casos/100.000 habitantes en España (2)) y la ausencia de modelos 
farmacocinéticos poblacionales previamente publicados, la 
información obtenida en este análisis puede considerarse de especial 
relevancia en su proyección clínica.  
 
4.4 Análisis farmacocinético/farmacodinámico 
4.4.1 Exposición a lenalidomida-tiempo hasta la progresión de 
la enfermedad 
 
El modelo FC/FD desarrollado ha identificado el parámetro 
farmacocinético AUC0-∞ como factor de riesgo de progresión del 
mieloma múltiple. El riesgo de progresión aumentó un 19,7% por 
cada 100 µg·h/L de aumento del AUC0-∞ de lenalidomida por 
encima de 1110 µg·h/L (mediana de la muestra estudiada). Esta 
tendencia se observó anteriormente en un análisis exploratorio 




univariante en el que se calcularon las medianas de tiempo hasta la 
progresión de la enfermedad para distintos grupos de AUC0-∞ 
(cuartiles). Se observaron medianas de tiempo hasta la progresión 
menores en pacientes con valores de AUC0-∞ más altos, tanto en 
pacientes con mieloma de tipo IgG como en pacientes con mieloma 
de tipo IgA, cadenas ligeras y no secretor. La magnitud de este 
efecto fue especialmente relevante en los pacientes con mieloma 
IgG, donde en los cuartiles correspondientes a valores de AUC0-∞ 
por debajo de 1110 µg·h/L (Q1 y Q2) no se alcanzó la mediana de 
tiempo hasta la progresión durante el seguimiento de 1000 días del 
estudio (Tabla 6.1). No obstante, en el modelo final seleccionado 
no fue posible identificar diferencias en efectividad entre estos dos 
cuartiles en el subgrupo de IgG, por lo que con la información 
disponible no es posible definir criterios de exposición al fármaco 
específicos o disponer de un ámbito de valores de AUC0-∞ que 
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Tabla 6.1 Mediana de tiempo hasta la progresión para cada cuartil de AUC0-∞ 
en función del tipo de mieloma (IgG frente a IgA, cadenas ligeras y no secretor). 
Análisis exploratorio univariante. 
Cuartiles de AUC0-∞  
(valores de AUC0-∞ (µg·h/L)) 
Nº de sujetos 
Mediana de 






































*No se alcanzó la mediana de tiempo hasta la progresión durante el periodo de 
seguimiento (1000 días) en este subgrupo. 
 
Este hallazgo puede justificarse si se acepta que existe una 
mayor tasa de resistencias a lenalidomida cuanto mayor es la 
exposición al fármaco. Este concepto ha sido puesto de manifiesto 
en estudios previos para lenalidomida (90-92). Además, estudios 
llevados a cabo durante los últimos años han demostrado que los 
tumores están formados por poblaciones celulares sensibles al 
fármaco y por otras poblaciones de células resistentes al mismo (97-
99). Ambas poblaciones compiten por los nutrientes del medio para 
sobrevivir, de manera que ambas están en equilibrio. Cuando un 
paciente recibe dosis altas de un fármaco antineoplásico, las células 
sensibles desaparecen y las resistentes disponen entonces de todos 
los recursos del medio para crecer, de manera que la enfermedad 
progresa. Por ello, se propone la alternativa de ajustar la dosis del 




de esta forma se podría contribuir a mantener el equilibrio entre las 
poblaciones de células sensibles y resistentes y retrasar así la 
progresión de la enfermedad. 
Los resultados obtenidos en esta Tesis Doctoral apoyan esta 
teoría que propugna reducir dosis de manera progresiva en función 
de la respuesta del tumor al tratamiento. No obstante, el intervalo de 
confianza del efecto de AUC0-∞ sobre el riesgo de progresión fue 
próximo a la unidad (HR=1,19 IC95% 1,08-1,35), por lo que estos 
resultados deben ser interpretados con cautela. Ahora bien, en caso 
de que se confirmase en futuros estudios este comportamiento, en la 
práctica clínica podría ser de utilidad la monitorización de las 
concentraciones plasmáticas de lenalidomida para calcular, a partir 
de ellas, los parámetros farmacocinéticos individuales del paciente 
y, tras estimar el valor del AUC0-∞, ajustar la dosis de lenalidomida 
con el fin de garantizar el balance entre las poblaciones de células 
sensibles y resistentes al fármaco.  
Otro factor de riesgo de progresión de la enfermedad 
identificado con significación estadística es el tipo de proteína 
monoclonal. En efecto, en este estudio el riesgo de progresión de 
enfermedad fue mayor en pacientes con mieloma de tipo IgA, 
mieloma de cadenas ligeras o no secretor en comparación con los 
pacientes con mieloma de tipo IgG (HR=3,97 IC95% 2,02-14,67). 
Es bien conocido por otros estudios previos que la evolución clínica 
del mieloma está determinada por el tipo de proteína monoclonal 
producida en la enfermedad y son los pacientes con mieloma de 
cadenas ligeras los que tienen una mayor incidencia de fallo renal y 
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amiloidosis y una mayor tasa de excreción de cadenas ligeras, en 
comparación con los pacientes con otros tipos de mieloma (102).  
El Sistema Internacional de Estadiaje del mieloma múltiple 
fue desarrollado basándose en 10.750 pacientes no tratados 
previamente en 17 instituciones localizadas en diferentes países 
(15). Este sistema incorpora datos de los niveles de β-2-
microglobulina sérica, que también ha sido identificada en este 
estudio como factor de riesgo de progresión del mieloma. El riesgo 
de progresión se multiplicó casi por tres por cada aumento de 1 
µg/mL en los niveles de β-2-microglobulina sérica. Por tanto, a 
nuestro modo de ver, la inclusión de esta covariable en el modelo 
final seleccionado está justificada por los resultados publicados en 
la literatura especializada (103) y por los criterios estadísticos 
utilizados en la selección y evaluación del modelo. 
Por último, el modelo desarrollado ha identificado un mayor 
riesgo de progresión de enfermedad en pacientes que recibieron un 
trasplante de progenitores hematopoyéticos previo al tratamiento 
con lenalidomida (HR=3,56 IC95% 1,65-18,73). La inclusión de 
esta covariable como factor de riesgo podría explicarse por el hecho 
de que los pacientes que han recibido un trasplante han estado 
previamente expuestos a un mayor número de fármacos y suelen 
presentar una enfermedad en estadio más avanzado. Este hecho ha 
sido también demostrado en estudios previos (28,104). 
Algunos estudios han identificado algunas anormalidades 
citogenéticas como factores pronóstico en el mieloma. Sin embargo, 




factor de riesgo de progresión de enfermedad, quizás porque la 
muestra de pacientes incluidos en el estudio que presentaron 
deleción t(14;16), t(14;20), o del17p13 fue muy baja (≈ 6%). 
 
4.4.2 Exposición a lenalidomida-tiempo hasta el desarrollo de 
neutropenia severa 
 
El modelo desarrollado identificó la exposición a 
lenalidomida, medida como Cmax, como un factor de riesgo 
estadísticamente significativo de desarrollar neutropenia severa, con 
un riesgo aumentado cuanto mayor es la Cmax. Este riesgo 
aumentado de efectos adversos hematológicos ha sido puesto de 
manifiesto en un meta-análisis que incluyó pacientes con mieloma 
múltiple, síndrome mielodisplásico y linfoma del manto en el que 
tras ajustar por enfermedad y recuento basal de neutrófilos o 
plaquetas, la Cmax de lenalidomida se identificó como covariable 
predictora de la probabilidad de experimentar trombocitopenia y 
neutropenia grado 3-4 (85).  
La edad del paciente se identificó también como un factor de 
riesgo de desarrollar neutropenia severa, con un riesgo aumentado a 
mayor edad. Este aumento del riesgo puede estar en concordancia 
con los cambios funcionales relacionados con la edad. Entre otras 
alteraciones fisiopatológicas, el incremento de edad está asociado a 
reducciones significativas de la función gástrica, de la masa 
hepática y del flujo sanguíneo y de la función cardiovascular (105-
108). Todos estos cambios podrían afectar a la farmacocinética y 
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farmacodinámica de los fármacos, alterando su eficacia clínica e 
incrementando potencialmente su toxicidad.  
Sin embargo, los intervalos de confianza del efecto de Cmax 
y de la edad sobre el riesgo de neutropenia severa se situaron 
próximos a la unidad (HR=1,02 IC95% 1,01-1,03 y HR=1,04 
IC95% 1,01-1,09, respectivamente). En consecuencia, el alcance de 
su significación estadística debe interpretarse con cautela. 
 
4.5 Limitaciones del estudio 
 
El diseño y el desarrollo de este estudio se ha realizado 
utilizando criterios de máxima rigurosidad científica. No obstante, 
por tratarse de un estudio vinculado a la práctica asistencial no se 
han controlado algunas variables que podrían contribuir a explicar 
la variabilidad observada en los parámetros farmacocinéticos 
estimados.  
Entre las variables que no se cuantificaron y que podrían 
contribuir a una mayor variabilidad farmacocinética cabe resaltar la 
administración del fármaco en presencia o en ausencia de alimentos, 
sobre todo cuando la ingesta es de alimentos grasos, la existencia o 
no de diarrea y de vómitos así como el cumplimiento 
farmacoterapéutico con la toma de la medicación. 
Otro aspecto a considerar es el diseño de los tiempos de 
recogida de muestras, que se estableció para disponer de un número 
mínimo de muestras experimentales por paciente (4 muestras) 




la rutina asistencial diaria de los pacientes que aceptaron participar 
en el estudio. Este diseño hizo que la disponibilidad de muestras 
plasmáticas recogidas entre 0 y 1 hora después de la toma de la 
dosis fuera limitada, por lo que la estimación de la constante de 
velocidad de absorción (ka) fue difícil. Por otra parte, si se hubiera 
podido llevar a la práctica un esquema de obtención de muestras 
durante un periodo de tiempo mas prolongado, al menos el 
equivalente a dos semividas biológicas del fármaco, se hubiera 
aumentado la precisión de la estimación de parámetros y se 
hubieran podido caracterizar con mayor precisión las propiedades 
de disposición del fármaco.  
También debido al propio diseño del estudio, no se pudo 
cuantificar la variabilidad interocasión, ya que para cada paciente se 
disponía de muestras experimentales únicamente en uno de los 
ciclos de tratamiento del fármaco.  
El grado de aceptación de los pacientes a participar en el 
estudio farmacocinético ha sido limitado, lo que ha impedido 
conocer los parámetros farmacocinéticos individuales para el total 
de pacientes incluidos en el estudio. Por esta razón, los modelos 
FC/FD se han construido utilizando, para más de la mitad de los 
pacientes incluidos en el estudio (65%), los parámetros 
farmacocinéticos poblacionales. No obstante, dada la similitud entre 
los pacientes del subgrupo FC y el total de pacientes incluidos en el 
estudio (Tablas 5.1 y 5.2 del texto principal de la Tesis) es de 
esperar que el sesgo introducido debido a la utilización de 
parámetros farmacocinéticos poblacionales sea mínimo. 
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Por último, aunque la trombocitopenia, junto con la 
neutropenia, es uno de los efectos adversos severos más frecuentes 
durante el tratamiento con lenalidomida, el número de pacientes que 
experimentaron trombocitopenia severa en la muestra estudiada fue 




1. Se ha desarrollado y validado un método analítico 
para la determinación de lenalidomida en plasma humano mediante 
cromatografía líquida de alta resolución con detección ultravioleta 
que ha demostrado linealidad, exactitud y precisión para un ámbito 
de concentraciones de lenalidomida en plasma comprendido entre 
100 y 950 ng/mL. 
2. El modelo farmacocinético que mejor describió el 
perfil de concentración plasmática-tiempo de lenalidomida tras su 
administración por vía oral en pacientes con mieloma múltiple fue 
el monocompartimental lineal en el cual el proceso de absorción se 
describió mediante la introducción en el modelo de tres 
compartimentos de tránsito. Los valores de los parámetros 
farmacocinéticos proporcionados por el modelo son: constante de 
velocidad de absorción (6,37 h-1 IC95% 4,33-9,70), aclaramiento 
plasmático aparente (14,3 L/h IC95% 11,4-18,4) y volumen de 
distribución aparente (57 L IC95% 49-66). 
3. Se identificó el aclaramiento de creatinina como 




lenalidomida, con una reducción en la variabilidad interindividual 
del parámetro al considerar esta covariable de 37% a 27%. Así 
mismo, la superficie corporal se identificó como covariable 
predictora del volumen de distribución aparente del fármaco, ya que 
la variabilidad interindividual de este parámetro se redujo al 
considerar esta covariable desde un 39% a un 19% .  
4. Se han identificado cuatro factores que incrementan 
el riesgo de progresión del mieloma múltiple durante el tratamiento 
con lenalidomida. Estos factores son: el nivel de β-2-
microglobulina sérica (HR=2,44 IC95% 1,95-3,81); haber recibido 
un trasplante de progenitores hematopoyéticos previamente al 
tratamiento con lenalidomida (HR=3,56 IC95% 1,65-18,73); el tipo 
de mieloma, siendo el riesgo de progresión mayor para los 
pacientes con mieloma de tipo IgA, cadenas ligeras o no secretor 
que para los pacientes con mieloma múltiple tipo IgG (HR=3,97 
IC95% 2,02-14,67); y el área bajo la curva concentración 
plasmática-tiempo superior a 1110 µg·h/L (por cada 100 µg·h/L de 
aumento HR=1,19 IC95% 1,08-1,35). 
5. El tiempo hasta el desarrollo de neutropenia severa 
en pacientes con mieloma múltiple durante el tratamiento con 
lenalidomida depende del recuento basal de neutrófilos del 
paciente (menor riesgo de desarrollar neutropenia severa cuanto 
mayor es el recuento basal de neutrófilos, HR=0,78 IC95% 0,52-
0,86); de la edad del paciente (mayor riesgo a mayor edad, 
HR=1,04, IC95% 1,01-1,09) y de la concentración máxima de 
lenalidomida en plasma (mayor riesgo a valores mayores, 
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HR=1,02 IC95% 1,01-1,03). 
6. Los resultados obtenidos en esta Tesis constituyen 
un primer paso para desarrollar un método que podría contribuir a 
optimizar el tratamiento con lenalidomida en pacientes con mieloma 
múltiple. Para ello, sería conveniente continuar este estudio con la 













Anti-cancer drugs are characterized by narrow therapeutic 
ranges, and are often administered at a dose close to the maximum-
tolerated dose. The wide variability observed in the response to 
anti-cancer drugs makes difficult that every patient receives the 
optimal dose during therapy. Several methods have been proposed 
for dose individualization of anti-cancer drugs, such as the use of 
weight or body surface area (dose/kg or dose/m2), the a priori 
methods (e.g. Calvert’s formula for dosing carboplatin), or the a 
posteriori dose revisions based on calculated pharmacokinetic 
exposure parameters. However, dose-response relationships 
represent the most extensively used method for selecting dose 
regimens of antineoplastic drugs in the early stages of drug 
development, although this probabilistic concept has certain 
limitations due to the presence of variability in clinical response 
arising from multiple factors, not only from the administered dose.  
In the absence of an agreement on the best individualization 
method, empirical dose adjustment criteria is still used, although 
these criteria do not guarantee a proper individualization of 
antineoplastic drugs; for instance, in the event of toxicity, treatment 
is often delayed or the initial dose is reduced to a lower dose level 
that, in most cases, has been established empirically and is the same 
in all patients. 
Nevertheless, treatment optimization of anti-cancer drugs is 
evolving in the recent years and there is a growing interest among 
researchers on this topic. It is well known that studying and 
quantifying the different sources of variability in the 
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pharmacological response could allow treatment individualization 
in order to decrease variability in the clinical response in terms of 
efficacy and toxicity, leading to an optimal drug therapy.  
In this context, pharmacokinetic/pharmacodynamic (PK/PD) 
modelling has been widely used for treatment optimization of drugs 
with large pharmacokinetic and pharmacodynamic variability and a 
narrow therapeutic range, such as anti-cancer drugs.  
This conceptual framework represents the scope of this 
Doctoral Thesis, performed in a sample of multiple myeloma 
patients treated with lenalidomide in the Department of Pharmacy 
of Doctor Peset University Hospital of Valencia in collaboration 
with the Department of Pharmacy and Pharmaceutical Technology 
of the University of Valencia.  
Multiple myeloma is a type of monoclonal gammopathy 
characterized by clonal proliferation of malignant plasma cells, 
producing monoclonal protein and causing clinical abnormalities 
such as anaemia, renal failure, hypercalcemia and bone lesions. 
Multiple myeloma is the most frequent plasma cell malignancy, 
representing 1% of all neoplasms and 10% of all haematological 
malignancies. 
Until 2000, the main treatment for multiple myeloma was 
alkylators and corticosteroids and, in selected patients, high dose 
chemotherapy with autologous stem cell transplantation. 
Subsequently, bortezomib and oral alternatives, such as thalidomide 
and lenalidomide, emerged as effective agents and greatly improved 




Lenalidomide has shown activity both in patients who have 
been treated previously and in patients with previously untreated 
multiple myeloma that are not eligible for transplant. Even new 
combination regimens that include lenalidomide are being tested in 
order to improve the therapy outcome of multiple myeloma patients. 
Lenalidomide is administered in doses that range from 5 to 25 
mg/daily according to renal function, and dose adjustments are 
performed only once patients have experienced severe toxicity, but 
not beforehand.  
In clinical practice, a large variability in lenalidomide 
therapeutic and toxic response has been observed in patients treated 
at equivalent doses. Among the factors that may explain the 
different response is the inherent variability in pharmacokinetic and 
pharmacodynamic processes, which analysis and management is a 
challenge for health professionals. 
For these reasons, studying the relationship between 
lenalidomide pharmacokinetic exposure parameters (PK) and 
lenalidomide therapeutic and toxic response (PD) would enable 
treatment optimization by individually selecting the dosing regimen 
associated with the greatest therapeutic benefit and the lowest 
undesired effects.  
 
  

















1. To characterize the population pharmacokinetics of 
lenalidomide in patients with multiple myeloma identifying and 
evaluating covariates that could have an impact on 
lenalidomide pharmacokinetics. 
 
2. To develop a population pharmacokinetic-pharmacodynamic 
model (PK/PD) of lenalidomide in patients with multiple 
myeloma, using time-varying covariates such as lenalidomide 
exposure, in order to identify potential risk factors for: 
- Multiple myeloma progression and 
- Haematological toxicity related to lenalidomide 
treatment. 
 
















3.1 Multiple Myeloma 
3.1.1 Epidemiology 
Multiple myeloma is a malignancy of plasma cells 
characterized by clonal proliferation in the bone marrow 
microenvironment, monoclonal protein in the blood or urine, and 
associated organ dysfunction.  
Multiple myeloma represents the second most common 
haematological malignancy (about 10%), with non-Hodgkin’s 
lymphoma being the most common. Multiple myeloma accounts for 
around 1% of all cancers worldwide and for about 2% of cancer-
related deaths. The estimated incidence of multiple myeloma in 
Europe was 38,928 cases in both sexes in 2012, with 24,287 deaths 
(1). In Spain, 3 to 5 new cases per 100,000 inhabitants are 
diagnosed every year, according to the Spanish Association Against 
Cancer (2). 
In the United States, the number of new cases of multiple 
myeloma is 6.5 per 100,000 inhabitants per year. The number of 
deaths is 3.3 per 100,000 inhabitants per year. These rates are age-
adjusted and based on 2009-2013 cases and deaths, according to the 
National Cancer Institute of the United States (3). 
Myeloma incidence is strongly related to age, with the 
highest incidence rates being observed in older males and females. 
In the United Kingdom in 2012-2014, on average each year almost 
half (45%) cases were diagnosed in people aged 75 and over(4). 
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The most common age of onset is between 65 and 70 years. 
However, recent estimates suggest that the age of onset is actually 
decreasing. 
Male gender increases the risk for multiple myeloma, which 
is slightly more prevalent in men than women: the crude incidence 
rate shows that there are 10 new myeloma cases for every 100,000 
males in the United Kingdom and 7 for every 100,000 females(4). 
An ethnic pattern has also been observed, with multiple 
myeloma occurring around twice as frequently in African 
Americans as Caucasians. It appears that, in comparison with white 
people, black people have younger myeloma onset(5), and a higher 
incidence of  monoclonal gammopathy of undetermined 
significance (MGUS) (although no difference in progression 
risk)(6,7). However, the reasons underpinning these ethnic 
differences have yet to be explained. 
3.1.2 Pathogenesis  
Although multiple myeloma is still considered a single 
disease, it is in reality a collection of several different 
cytogenetically distinct plasma cell malignancies. Two different key 
players have been identified in the pathogenesis of multiple 
myeloma: (1) the genetic lesions intrinsic to the malignant clone, 
and (2) the interaction between myelomatous plasma cells and their 
microenvironment.  
Almost all multiple myeloma patients display cytogenetic 




important prognostic factors [particularly 17p (p53) deletion and 
t(4;14)]. Most recently, it has been shown that approximately two-
thirds of multiple myeloma patients have one or more of the 
following 11 recurrently mutated genes: ACTG1, RB1, CYLD, 
PRDM1, TRAF3, BRAF, FAM46C, DIS3, TP53, NRAS, and 
KRAS. Accordingly, in the near future, multiple myeloma will 
probably no longer be considered a single entity. 
The second player in multiple myeloma pathogenesis 
consists on the interaction between the malignant clone and stromal 
cells through direct contact or soluble molecules, thus promoting 
tumour progression and drug resistance (Fig 3.1). The bone marrow 
microenvironment also includes T, natural killer, and dendritic 
cells, which play a critical role in immune surveillance; the 
importance of immune monitoring will likely increase with the 
revival of immunotherapy and the possibility of therapeutic 
intervention through the blockade of immune checkpoints. 
 




Fig 3.1 Interaction between the malignant clone and other cell types in multiple 
myeloma. Reproduced with permission from New England Journal of Medicine 
(8), Copyright Massachusetts Medical Society.  
3.1.3 Clinical Manifestations And Diagnostic Criteria 
The most common presenting symptoms of multiple 
myeloma are fatigue and bone pain. Anaemia occurs in 
approximately 75% of patients and contributes to fatigue. Osteolytic 
skeletal lesions can be detected in approximately 80% of patients. 
Other common findings at presentation include hypercalcemia 
(15%), and elevated serum creatinine ≥2 mg/dL (20%). 
Approximately 1 to 2% of patients with multiple myeloma have 
extramedullary disease at the time of initial diagnosis, while 8% 
develop it later on in the disease course. Extramedullary disease is 
defined as the presence of soft-tissue masses conformed by 




The presence of extramedullary disease at diagnosis is frequently 
associated with a poor prognosis(9). 
A monoclonal (M) protein in the serum or urine is a 
characteristic feature of multiple myeloma, but is seen in only 82% 
of patients by serum protein electrophoresis. The sensitivity 
increases to 93% when serum immunofixation is added, and to 97% 
with the addition of either the serum free light chain (FLC) assay or 
a 24-hour urine study. Thus if multiple myeloma is suspected, the 
recommended screening strategy is to perform serum protein 
electrophoresis, serum immunofixation, and either a serum FLC 
assay or a 24 hour urine protein electrophoresis with 
immunofixation. The M protein type is IgG in approximately 50%, 
IgA in 20%, immunoglobulin light chain only in 20%, IgD in 2%, 
and IgM in 0.5%. About 2–3% of multiple myeloma has no 
detectable M protein, and is referred to as non-secretory multiple 
myeloma. 
The baseline diagnostic tests required for the diagnosis of 
multiple myeloma, according to the International Myeloma 
Working Group (IMWG)(10), include: 
 
1. History and Physical Examination 
 
2. Routine Testing 
 
- Complete blood count with differential and 
peripheral blood smear review. 
- Chemistry panel including calcium and creatinine. 
- Serum protein electrophoresis, immunofixation. 
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- Nephelometric quantitation of immunoglobulins. 
- Routine urinalysis, 24h urine collection for 
proteinuria, electrophoresis and immunofixation. 
- Quantification of both urine M protein level and 
albuminuria. 
 
3. Bone Marrow Testing: an aspirate plus trephine biopsy 
with testing for cytogenetics, fluorescent in situ 
hybridization (FISH) and immunophenotyping. 
 
4. Imaging: bone survey including spine, pelvis, skull, 
humeri and femurs. 
 
According to the IMWG(10), active multiple myeloma is 
defined as the presence of clonal bone marrow plasma cells ≥10% 
or biopsy-proven bone or extramedullary plasmacytoma and any 
one or more of the following: 
 
a) Evidence of end organ damage that can be attributed to the 
underlying plasma cell proliferative disorder, specifically: 
• Hypercalcemia: serum calcium > 1 mg/dL higher than 
the upper limit of normal or > 11 mg/dL. 
• Renal insufficiency: creatinine clearance <40 mL/min or 
serum creatinine > 2 mg/dL. 
• Anaemia: haemoglobin value of > 2 g/dL below the 
lowest limit of normal, or a haemoglobin value <10 
g/dL 
• Bone lesions: one or more osteolytic lesion on skeletal 




cells, more than one bone lesion is required to 
distinguish from solitary plasmacytoma with minimal 
marrow involvement. 
 
b) Any one or more of the following biomarkers of malignancy: 
• 60% or greater clonal plasma cells on bone marrow 
examination. 
• Serum involved/uninvolved free light chain ratio of 100 
or greater, provided the absolute level of the involved 
light chain is at least 100 mg/L (a patient’s “involved” 
free light chain—either kappa or lambda—is the one 
that is above the normal reference range; the 
“uninvolved” free light chain is the one that is typically 
in, or below, the normal range). 
• More than one focal lesion on magnetic resonance 
imaging that is at least 5 mm or greater in size. 
3.1.4 Staging Of The Disease 
Multiple myeloma is clinically and pathologically 
heterogeneous, resulting in variability in both response to treatment 
and survival. The multiple myeloma disease trajectory will vary for 
each patient; however, relapses are inevitable, and the depth and 
duration of response following each relapse are generally 
diminished (Fig 3.2). 




Fig 3.2. Multiple myeloma disease trajectory characterized by malignant 
transformation; serial cycles of response, remission, and relapse in the presence 
of treatment; and clonal evolution with diminished depth and duration of 
response over time. MGUS: monoclonal gammopathy of undetermined 
significance. 
Although median survival is approximately 5–7 years, there 
is major variation in survival depending on host factors, tumour 
burden (stage), biology (cytogenetic abnormalities), and response to 
therapy(11). Disease biology is best reflected based on the 
molecular subtype of multiple myeloma, and the presence or 
absence of secondary cytogenetic abnormalities, as shown in Table 
3.1 (12–14). The Revised International Staging System combines 
elements of tumour burden and disease biology (presence of high 
risk cytogenetic abnormalities) to create a unified prognostic index 
that helps in clinical care as well as in comparison of clinical trial 







Table 3.1. Risk Stratification for Multiple Myeloma (mSMART) 















Adapted from Am J Hematol (14)  
 
Table 3.2. Revised International Staging System for Multiple Myeloma. 





- Serum albumin >3.5, Serum beta-2-
microglobulin <3.5 and 
- No high risk cytogenetics 
- Normal LDH 
28 82 
Stage II 
- Neither Stage I or III 62 62 
Stage III 
- Serum beta-2-microglobulin >5.5 and 
- High risk cytogenetics [t(4;14), 
t(14;16), or del(17p)] or elevated LDH 
15 12 
LDH: lactate deshydrogenase. From J Clin Oncol.(15) 
3.1.5 Treatment Options 
For the treatment of multiple myeloma, the most important 
phases of therapy are initial therapy, stem cell transplantation (if 
eligible), consolidation/maintenance therapy, and treatment of 
relapse.  
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Transplant eligible patients typically receive approximately 
4 cycles of initial therapy followed by stem cell collection and 
autologous stem cell transplantation (ASCT). Selected patients with 
standard risk multiple myeloma that respond well to induction can 
opt for delayed ASCT; in this strategy stem cells are collected after 
4 cycles of initial therapy and cryopreserved for future use. 
Transplant ineligible patients are usually treated for 12–18 months.  
Following initial therapy and/or ASCT, consideration should 
be given to consolidation/maintenance therapy. The choice of 
maintenance and duration of therapy is often driven by the presence 
or absence of high-risk cytogenetic features. 
A proposed approach to treatment of newly diagnosed 
multiple myeloma has been suggested in a recent review and is 
outlined in Fig 3.3 (16). However, the proposed approach may vary 
in each country according to the local regulatory agency authorized 







Fig 3.3. Approach to the treatment of newly diagnosed multiple myeloma. From 
Mayo Clinic Proceedings.(16). VRD: bortezomib, lenalidomide, dexamethasone; 
KRD: carfilzomib, lenalidomide, dexamethasone; Rd: lenalidomide-
dexamethasone; VCD: bortezomib, cyclophosphamide, dexamethasone; ASCT: 




Initial therapy for multiple myeloma varies across countries 
depending on drug availability and regulatory and financial issues. 
The most common regimens used in the treatment of newly 
diagnosed multiple myeloma are lenalidomide plus dexamethasone 
(Rd), bortezomib, lenalidomide, dexamethasone (VRD), 
bortezomib, thalidomide, dexamethasone (VTD), and bortezomib, 
cyclophosphamide, dexamethasone (VCD), as shown in Table 3.3. 
Based on the available data VRD or VTD are the preferred 
regimens for initial therapy in transplant eligible patients, and in fit 
transplant ineligible patients. The low-dose dexamethasone regimen 
(40 mg once a week) is preferred in all regimens (Rd, VRD, VTD, 
VCD, etc.) to minimize toxicity. 
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Table 3.3. Major Treatment Regimens in Multiple Myeloma. 
Regimen Usual Dosing Schedule 
Lenalidomide-
Dexamethasone (Rd) 
Lenalidomide 25 mg oral: days 1–21 every 28 days 
Dexamethasone 40 mg oral: days 1, 8, 15, 22 every 28 
days 





Bortezomib 1.3 mg/m2 intravenous days 1, 8, 15 
Lenalidomide 25 mg oral days 1–14 
Dexamethasone 40 mg days 1, 8, 15, 22 





Bortezomib 1.3 mg/m2 intravenous days 1, 8, 15, 22 
Thalidomide 100–200 mg oral days 1–21 
Dexamethasone 40 mg days 1, 8, 15, 22 






Bortezomib 1.3 mg/m2 intravenously on days 1, 8, 15, 22 
Cyclophosphamide 300 mg/m2 oral on days 1, 8, 15 and 22 
Dexamethasone 40 mg orally on days on days 1, 8, 15, 22 
Repeated every 4 weeks 
 
 
In patients who are ≥75 years of age or are frail, a triplet 
regimen may not be well tolerated. In these patients, Rd could be a 
reasonable choice for initial therapy, especially for standard risk 
patients. 
 
Autologous Stem Cell Transplantation 
Eligibility for ASCT is based on age, performance status, 
and comorbidities. In many countries, the upper limit for ASCT is 








Numerous trials have been conducted over the years testing 
maintenance therapy in multiple myeloma, either following ASCT 
or following 12–18 months of standard-dose therapy. However, the 
agents used were either ineffective, toxic, or both, and none of these 
approaches gained ground in clinical practice. Thalidomide has 
shown modest progression-free survival and overall survival benefit 
as maintenance therapy in two randomized trials, but has drawbacks 
of significant non-hematologic toxicity(17,18). 
As post-transplant consolidation therapy, lenalidomide 
maintenance is recommended in standard risk patients who did well 
with lenalidomide-containing initial therapy and fail to achieve a 
very-good partial response following ASCT(16). In patients with 
intermediate and high risk multiple myeloma bortezomib-based 
maintenance is preferred(16). 
As maintenance post-standard dose therapy, if Rd is used as 
initial therapy, continuing it until progression is recommended. If a 
triplet regimen is used, it is recommended to stop therapy after 12–
18 months in patients with standard risk disease, and continuing 
with bortezomib maintenance in intermediate and high-risk disease. 
Randomized trials with a new oral proteasome inhibitor ixazomib 
are ongoing in this setting and could change these recommendations 
in a near future(19). 
Treatment of Relapse 
The approach to treatment of relapsed multiple myeloma is a 
challenging issue. Numerous effective regimens are available, and 
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the choice of treatment depends on numerous factors such as drug 
availability, response to prior therapy, aggressiveness of the relapse, 
eligibility for ASCT, and whether the relapse occurred on or off 
therapy.  
In eligible patients, ASCT should be considered if the 
patient has never had an ASCT, or if the remission duration with a 
prior ASCT exceeds 18 months (without maintenance) or 36 
months (with maintenance)(20). Recent data support the use of a 
triplet for relapsed multiple myeloma, but selected patients with 
indolent relapse can often be treated with a doublet such as Rd, or 
pomalidomide plus low dose dexamethasone. New agents approved 
for the treatment of relapsed multiple myeloma include carfilzomib, 
daratumumab, pomalidomide, panobinostat and ixazomib. 
Multiple myeloma is characterized by relapses and 
remissions, with each remission typically lasting less than the 
previous one(21). In the absence of toxicity, most regimens are 
continued until progression in the relapsed setting. However, in 
some regimens such as those employing bortezomib, carfilzomib, or 
alkylators it may be reasonable to stop therapy with these drugs 
once a stable plateau has been reached in order to minimize risks of 
serious toxicity. 
3.1.6 Evaluation of Response 
Evaluation of treatment response is usually performed 




for response and minimal residual disease assessment in multiple 
myeloma, summarized in Table 3.4 (22) 
 
Table 3.4 International Myeloma Working Group consensus criteria for response 





Complete response as defined below plus normal FLC ratio 
and absence of clonal cells in bone marrow biopsy by 
immunohistochemistry (κ/λ ratio ≤4:1 or ≥1:2 for κ and λ 
patients, respectively, after counting ≥100 plasma cells). 
 
Complete response  Negative immunofixation on the serum and urine and 
disappearance of any soft tissue plasmacytomas and <5% 
plasma cells in bone marrow aspirates. 
 
Very good partial 
response  
 
Serum and urine M-protein detectable by immunofixation 
but not on electrophoresis or ≥90% reduction in serum M-
protein plus urine M-protein level <100 mg per 24 h. 
 
Partial response  
 
≥50% reduction of serum M-protein plus reduction in 24 h 
urinary M-protein by ≥90% or to <200 mg per 24 h; If the 
serum and urine M-protein are unmeasurable, a ≥50% 
decrease in the difference between involved and uninvolved 
FLC levels is required in place of the M-protein criteria; If 
serum and urine M-protein are unmeasurable, and serum-
free light assay is also unmeasurable, ≥50% reduction in 
plasma cells is required in place of M-protein, provided 
baseline bone marrow plasma-cell percentage was ≥30%.  
 
Minimal response  
 
≥25% but ≤49% reduction of serum M-protein and reduction 
in 24-h urine M-protein by 50–89%. In addition to the above 
listed criteria, if present at baseline, a ≥50% reduction in the 
size (SPD) of soft tissue plasmacytomas is also required. 
 
Stable disease  
 
Not recommended for use as an indicator of response; 
stability of disease is best described by providing the time-
to-progression estimates. Not meeting criteria for complete 
response, very good partial response, partial response, 




Any one or more of the following criteria: 
- Increase of 25% from lowest confirmed response value in 
one or more of the following criteria: 
- Serum M-protein (absolute increase must be ≥0.5 g/dL); 
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- Serum M-protein increase ≥1 g/dL, if the lowest M 
component was ≥5 g/dL; 
- Urine M-protein (absolute increase must be ≥200 mg/24 
h); 
In patients without measurable serum and urine M-protein 
levels, the difference between involved and uninvolved FLC 
levels (absolute increase must be >10 mg/dL); 
In patients without measurable serum and urine M-protein 
levels and without measurable involved FLC levels, bone 
marrow plasma-cell percentage irrespective of baseline 
status (absolute increase must be ≥10%); 
Appearance of a new lesion(s), ≥50% increase from nadir in 
SPD of >1 lesion, or ≥50% increase in the longest diameter 
of a previous lesion >1 cm in short axis; 
≥50% increase in circulating plasma cells (minimum of 200 
cells per µL) if this is the only measure of disease. 
 
Clinical relapse  
 
Clinical relapse requires one or more of the following 
criteria: 
Direct indicators of increasing disease and/or end organ 
dysfunction (CRAB features) related to the underlying 
clonal plasma-cell proliferative disorder. It is not used in 
calculation of time to progression or progression-free 
survival but is listed as something that can be reported 
optionally or for use in clinical practice; 
Development of new soft tissue plasmacytomas or bone 
lesions (osteoporotic fractures do not constitute 
progression); 
Definite increase in the size of existing plasmacytomas or 
bone lesions. A definite increase is defined as a 50% (and ≥1 
cm) increase as measured serially by the SPD of the 
measurable lesion; 
Hypercalcaemia (>11 mg/dL); 
Decrease in haemoglobin of ≥2 g/dL not related to therapy 
or other non-myeloma-related conditions; 
Rise in serum creatinine by 2 mg/dL or more from the start 
of the therapy and attributable to myeloma; 
Hyperviscosity related to serum paraprotein. 





3.2.1 General Information and Properties 
Lenalidomide (3-(4’aminoisoindoline-1-one)-1-piperidine-
2,6-dione; CC-5013, IMiD-3 and Revlimid®) is an oral 
immunomodulatory drug with antineoplastic, antiangiogenic and 
anti-inflammatory properties(23,24).  
It is a racemic mixture of S (-) and R (+) forms. The in vitro 
and in vivo characterization of pharmacological properties of 
lenalidomide had demonstrated that the drug inhibits the secretion 
of pro-inflammatory cytokines (TNF-α, IL-1β, IL-6 and IL-12) and 
increases the secretion of anti-inflammatory cytokine (IL-10) from 
peripheral blood mononuclear cells, induces T-cell proliferation 
(IL-2, IFN-γ), inhibits cell proliferation (multiple myeloma, 
Burkitt’s lymphoma) and inhibits angiogenesis. Lenalidomide 
inhibits the expression of cyclooxygenase-2 (COX-2) but does not 
affect COX-1 in vitro. In addition to these immune effects, there is 
evidence that thalidomide and its analogues may act directly on 
tumour cells, via inducing apoptosis or G1 growth arrest(25). The 
proposed mechanism of action of lenalidomide in multiple myeloma 
is shown in Fig 3.4. 
The chemical formula of lenalidomide is C13H13N3O3 and its 
chemical structure is shown in Fig 3.5. Its molecular weight is 
259.265 g/mol. Its melting point is between 269 and 271 degrees 
Celsius. Lenalidomide is soluble in organic solvent/water mixtures, 
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and buffered aqueous solvents. Lenalidomide is more soluble in 
organic solvents and low pH solutions. Solubility is significantly 
lower in less acidic buffers.  
 
 
Fig 3.4 Proposed mechanism of action of lenalidomide in multiple myeloma.  
 
Fig 3.5. Chemical structure of 3-(4’aminoisoindoline-1-one)-1-piperidine-2,6-
dione. 
Lenalidomide was developed to improve the 
immunomodulatory effect of its parent compound, thalidomide, and 
also to provide a better safety profile(26). Lenalidomide clinical 




010, which were designed to compare lenalidomide plus 
dexamethasone combination therapy with dexamethasone 
monotherapy in previously treated patients with multiple 
myeloma(27,28). These studies demonstrated superiority of 
lenalidomide-dexamethasone regimen against dexamethasone 
monotherapy. The data from these studies led to approval of 
lenalidomide in combination with dexamethasone for patients with 
multiple myeloma who had been treated previously with at least one 
therapeutic regimen by the United States Food and Drug 
Administration (FDA) in 2006, the European Medicines Evaluation 
Agency (EMA) in 2007, and by regulatory agencies on many other 
countries. Furthermore, lenalidomide was recently approved for the 
treatment of adult patients with previously untreated multiple 
myeloma who are not eligible for transplant, and even new 
combination regimens that include lenalidomide are being tested in 
order to improve the therapy outcome of multiple myeloma patients, 
such as carfilzomib, lenalidomide and dexamethasone or ixazomib, 
lenalidomide and dexamethasone.  
Apart from multiple myeloma, lenalidomide has proven 
significant efficacy in many other haematological malignancies 
such as myelodysplastic syndrome, non-Hodgkin lymphoma and 
chronic lymphocytic leukemia(29–31). 
3.2.2 Toxicology and Safety 
The primary toxicities observed after repeated oral 
administrations of lenalidomide in pre-clinical studies were 
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associated with the haematopoietic lymphoreticular systems and the 
kidneys, generally reversible after a 4- to 7-week recovery period. 
Rats appeared to be more sensitive to the effects on the kidneys, 
while cynomolgus monkeys were more sensitive to the effects on 
the haematopoietic systems. The no observed adverse effect level 
(NOAEL) for rats in the chronic 26-week toxicity study was set at < 
75 mg/kg/day. Based on area under the curve (AUC) comparison, 
this dose was approximately 25-fold greater than the human daily 
exposure. In repeated-dose toxicity studies in monkeys, NOAEL 
was less than 1 mg/kg; this dose was equivalent to the human daily 
exposure (safety margin: 0.95 to 1)(25).  
The most important issue for the non-clinical assessment of 
lenalidomide safety is reproductive and developmental toxicity, 
given the structural and pharmacological similarities with 
thalidomide. Embryo-foetal development has been studied in rats 
and rabbits. In the rabbit, lenalidomide exhibited foetal toxicity with 
increased post-implantation loss, decreased foetal weight, and also 
increased the frequency of foetal alterations. Lenalidomide did not 
induce, in particular, any limb malformations in the rabbit. 
Based on the structural and pharmacological similarity to 
thalidomide and the foetal alterations observed in the rabbit study, 
lenalidomide has to be contraindicated during pregnancy, and 
precautions should be taken for women of childbearing potential. 
In humans, the clinical safety of lenalidomide has been 
investigated in one Phase I/II and in two Phase III clinical trials. 




mg/day. Myelosuppression was the primary adverse event 
associated with the administration of lenalidomide. All patients 
experienced at least one treatment-emergent adverse event. The 
most common adverse events were leukopenia (70.4%) with 100% 
of patients at the 25-mg dose and thrombocytopenia (51.9%). The 
incidence of Grade 3 or 4 neutropenia was 59.3% (85.7% at 50 
mg/day). The incidence of grade 3 or 4 thrombocytopenia was 
29.6%. Myelosuppression accounted for most of the adverse events 
that resulted in discontinuation from the study or in dose 
reduction(25). 
3.2.3 Pharmacokinetic Properties 
Lenalidomide is administered orally and is quickly absorbed 
with maximum plasma concentrations obtained from 0.5 to 4 hours 
after administration in multiple myeloma patients. The 
bioavailability is greater than 80% in healthy individuals. Co-
administration with a high-fat and high-calorie meal in healthy 
volunteers reduces the extent of absorption, resulting in an 
approximately 20% decrease in area under the concentration-time 
curve (AUC) and 50% decrease in maximum concentration (Cmax) 
in plasma. However, in the main multiple myeloma and 
myelodysplastic syndromes registration trials where the efficacy 
and safety were established for lenalidomide, the medicinal product 
was administered without regard to food intake. Thus, lenalidomide 
can be administered with or without food.  
With linear pharmacokinetics, plasma concentrations 
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increase proportionally to the administered dose. The Cmax and 
AUC increased in a dose-proportional manner over the dose range 
studied (5 to 400 mg).  
The apparent oral volume of distribution is different 
between studies but may be between 50 and 200 L, which indicates 
a moderate distribution into tissues. The plasma protein binding is 
low (23-29%)(25). Lenalidomide is not metabolized via cytochrome 
P450 in humans. The excretion of lenalidomide via the renal 
pathway is high, with the overall urinary recovery of unchanged 
drug being approximately 85% of the administered single oral dose. 
Thus, a decrease in renal function resulted in an increase in total 
exposure (mean AUCt and AUC∞). Cmax and tmax were not markedly 
affected by renal impairment. The exposure of the R and S-
enantiomers was similarly affected by renal impairment. Subjects 
with normal renal function had higher mean percentage of dose 
excreted unchanged in urine (85%), followed by subjects with mild 
renal impairment (69%), subjects with moderate renal impairment 
(42%) and subjects with severe renal impairment (44%). Dosage 
adjustments are recommended for multiple myeloma patients with 
moderate/severe renal impairment or a creatinine clearance below 
60 mL/min to ensure safe exposure levels(25,32,33). 
The potential for lenalidomide to cause drug-drug 
interactions has been investigated in vitro and in vivo. A study to 
investigate the inhibitory effects of lenalidomide on the activities of 
selected P-450 cytochromes was carried out in vitro to show that it 




inhibiting cytochrome activities.  
Regarding the potential interaction with drugs having a high 
plasma-protein binding potential, the weak plasma-protein binding 
rate of lenalidomide (23%-29%) in all species including humans, 
makes the risk of drug-drug interactions related to displacement 
from plasmatic proteins, unlikely. However, formal clinical 
interaction studies have only been conducted for warfarin and 
digoxin, two frequently used drugs in the target population of 
patients. While no effect of lenalidomide on warfarin was detected, 
there may be a possible drug interaction between lenalidomide and 
digoxin, although it may not be clinically relevant. 
3.2.4 Posology 
The initial lenalidomide dose for the treatment of multiple 
myeloma is 25 mg daily on days 1 through 21 of 28-day cycles. The 
recommended dose of dexamethasone is 40 mg orally once daily on 
days 1, 8, 15 and 22 of repeated 28-day cycles. For patients ≥75 
years of age, the starting dose of dexamethasone is 20 mg/day on 
days 1, 8, 15 and 22 of each 28-day treatment cycle. 
Dose adjustments are recommended by the manufacturer at 
the start of therapy and throughout treatment for patients with 
moderate or severe impaired renal function or end stage renal 
disease, as shown in Table 3.5 (25). 
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Table 3.5 Lenalidomide dose adjustments in patients with various degrees of 
renal impairment, according to the drug’s label. 
Renal function (CRCL) Dose adjustment (Days 1-21 of repeated 28- day cycles) 
Moderate renal impairment (30 ≤ 
CRCL < 50 mL/min) 
 
10 mg once daily 
Severe renal impairment (CRCL < 30 
mL/min, not requiring dialysis) 
 
15 mg every other day 
End Stage Renal Disease (CRCL < 30 
mL/min, requiring dialysis) 
5 mg once daily. On dialysis days, the 
dose should be administered following 
dialysis. 
CRCL: creatinine clearance. 
 
Dose adjustments, as summarized in Table 3.6, are 
recommended to manage grade 3 or 4 thrombocytopenia, 
neutropenia, or other grade 3 or 4 toxicity judged to be related to 
lenalidomide, according to the drug’s label. Every time any grade 3 
or 4 toxicity appears, a decrease by one dose level is recommended. 
 
Table 3.6 Lenalidomide dose adjustments to manage grade 3 or 4 
thrombocytopenia, neutropenia, or other grade 3 or 4 toxicity judged to be 
related to lenalidomide, according to the drug’s label. 
 Lenalidomide (mg) Dexamethasone (mg) 
Starting dose 25 40 
Dose level -1 20 20 
Dose level -2 15 12 
Dose level -3 10 8 
Dose level -4 5 4 
Dose level -5 2.5 NA 
The different dose levels refer to the initial (dose level -1) and subsequent (dose 






Pharmacometrics is defined as the science that quantifies 
drug, disease, and clinical trial information to aid efficient drug 
development, regulatory decisions, and rational therapeutic 
decisions in patients. It uses models based on the principles of 
pharmacology, physiology, and disease pathology for quantitative 
analysis of interactions between drugs and patients.  
Pharmacometrics has gained increasing application in the 
last years to account for the variability in clinical response, aiding 
on dose selection and treatment optimization. Pharmacometrics 
includes pharmacokinetics (PK), pharmacodynamics (PD), and 
disease progression models with a focus on population and 
variability(34–36).  
Moreover, pharmacometrics has been extensively applied in 
the process of new drug development. It has become an important 
component of New Drug Application and Biological License 
Application submissions to the United States FDA for drug 
approval, labelling, and clinical trial design decisions(36,37). It has 
been widely accepted that the integration of pharmacometric 
principles (pharmacokinetic and pharmacodynamics) into drug 
development could make it more efficient and rational. 
Modelling and simulation, which are mathematically based, 
are the primary and major techniques used in pharmacometric 
analysis. Both modelling and simulation use mathematical and 
statistical approaches to simplify and describe complex systems 
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under investigation.  
The most common models in pharmacometric analysis are 
pharmacokinetic and pharmacodynamics models, which describe 
the relationship among drug dose, blood concentration, and 
responses such as efficacy measurements, toxicities, clinical 
responses, survival time, and biomarkers. Pharmacokinetic and 
pharmacodynamic models include both empirically based and 
physiologically based models, which are both commonly used 
nowadays. Besides, models incorporating disease progression and 
patient behaviour, such as compliance, are receiving increasing 
attention(38,39).  
Population pharmacokinetic and pharmacodynamic models 
not only characterize the drug pharmacokinetics and/or 
pharmacodynamics, but also incorporate the analysis of relationship 
between covariates, such as patient characteristics, test results, and 
disease status, and PK or PD parameters. The approach of 
population PK or population PD models allows identifying and 
quantifying potential sources of variability in drug 
pharmacokinetics and pharmacodynamics in the target population. 
In addition, the population approach can not only make use of rich 
data but also sparse data, which are the usual type of data we can 
get from large-scale late phase clinical studies or the clinical setting. 
In other words, population approach has enhanced the ability to 
perform PK and PD analyses using sparse data when intensive 
experimentation is impossible to carry out due to logistic and ethical 




3.3.1 Pharmacokinetic Modelling 
3.3.1.1 Background and Concept 
The purpose of population pharmacokinetics is to 
quantitatively assess typical pharmacokinetic parameters and the 
inter-individual and residual variability in drug absorption, 
distribution, metabolism, and excretion.  
Population pharmacokinetics seeks to identify and 
characterize potential factors that can cause changes in the dose-
concentration relationship, including patient demographic features, 
such as body weight and age, and pathophysiological features, such 
as hepatic or renal impairment, and the use of other concomitant 
therapies(40). Sources of inter-individual and intra-individual 
variability that can have influence on drug safety and efficacy could 
be identified by employing population pharmacokinetic approaches.  
The application of population pharmacokinetic approaches 
in drug development has been recommended in some FDA 
guidance documents for industry(40). Population pharmacokinetics 
can help improve the efficiency and specificity of drug development 
by suggesting more informative designs and analyses(41). In 
addition, it can also help enhance understanding of the quantitative 
relationship between drug input patterns, patients characteristics, 
drug disposition, and responses.  
Population pharmacokinetic models can also be used for 
constructing drug labelling and comparing the effect of competing 
dosing regimens on clinical trial outcomes. 
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By applying the population pharmacokinetic approach, it is 
possible to investigate pharmacokinetics in special populations such 
as neonates, the elderly, cancer patients, patients with acquired 
immune deficiency syndrome, etc., where only limited number of 
samples are usually obtained from each subject due to medical or 
ethical reasons.  
Population pharmacokinetic analysis quantifies and 
identifies sources of variability, including inter-individual, intra-
individual, and inter-occasion variability during drug development 
or drug evaluation. It aims to explain the variability by identifying 
factors, such as patient demographic, pathophysiological, 
environmental, or drug–related factors, which could influence drug 
pharmacokinetics. And finally, population pharmacokinetic analysis 
quantitatively estimates the remaining unexplained part of the 
variability in the population. 
However, population pharmacokinetics has several 
disadvantages: its mathematical and statistical complexity, it 
requires appropriate modelling of inter- and intra-individual 
variability and covariates and it requires appropriate assumptions 
for the distribution of the random and fixed effects(42). 
3.3.1.2 Population Pharmacokinetic Modelling 
In the population analysis, the overall variability in the 
measured data in a sample of individuals includes both 
measurement error and inter-individual variability. The observed 




 𝑦!" = 𝑓!" 𝜙!; 𝑥!" + 𝜀!"                     (Eq.3.1) 
 
where 𝑦!" is the jth observation of the ith individual; 𝑓 is a 
function for predicting the jth observation of the ith subject; 𝜙! is 
the pharmacokinetic parameter vector of the ith subject; 𝑥!" is a 
vector of known quantities such as dose an time; 𝜀!" is the residual 
error. 
The individual pharmacokinetic parameters can be described 
as follows: 
 𝜙! = 𝑔 𝜃, 𝑧! +   𝜂!   (Eq.3.2) 
 
where 𝑔 is a known function that describes the relationship 
between the expected value of 𝜙! , 𝑧!and a vector of population 
parameter 𝜃; 𝑧!is a vector of known individual specific covariates, 
including weight, age and etc.; 𝜂!represents the random variation of 
individual parameters around the population parameter estimation. 
It is usually assumed that 𝜂! is independent across individuals and 
follows a normal distribution with mean zero and variance ω!! 
For the ith individual, the value of 𝜀!"  is assumed to be 
normally distributed with a mean of zero. The whole population has 
just one set of values for the population parameter vector 𝜃 . 
However, values of individual parameter 𝜙!  vary across subjects 
and are determined by the random variable 𝜂! and covariates 𝑧!. 
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Various approaches have been employed to perform 
population pharmacokinetic analysis, including the two-stage 
approach, nonlinear mixed effects modelling approach, Bayesian 
hierarchical model, and nonparametric maximum likelihood(43). In 
this dissertation, discussion is focused on nonlinear mixed effects 
modelling approach. 
3.3.1.2.1 Nonlinear Mixed Effects Modelling Approach 
Nonlinear mixed effects modelling approach was introduced 
by Lewis B Sheiner and Stuart L Beal who published several papers  
on this approach (44–48). This approach can be used to estimate 
population pharmacokinetic parameters with sparse samples and 
was mainly implemented in the NONMEM software (49). 
Nonlinear mixed effects approach is a modelling approach 
for longitudinal data analysis. It incorporates both fixed effects and 
random effects and there is nonlinear relationship between the 
response variable and the model parameters. Fixed effects account 
for the central tendency of the whole population, while random 
effects account for the variability between and within individuals in 
the population.  
In population pharmacokinetic models, fixed effects refer to 
the population estimates of pharmacokinetic parameters or the 
effects of covariates on model parameters, while random effects are 
variation from the population mean values, usually including inter-
individual and residual variability. In some cases, random effects 




residual error is composed of measurement errors, model 
misspecification, and intra-individual variability.  
The expression for a nonlinear mixed effects model can be 
described as follows: 
 𝑦!" = 𝑓!" 𝜃, 𝑥!" , 𝜂! + 𝜀!"    (Eq.3.3) 𝜀!" ∼ 𝑁(0,𝜎!)    (Eq.3.4) 
 
where 𝑦!"   is the jth observation of the ith individual; 𝑓!" is a 
function for predicting the jth observation of the ith subject; 𝜃 is the 
vector of fixed effect parameters which usually refer to population 
mean of pharmacokinetic parameters; 𝑥!"  is a vector of known 
quantities such as dose and time; 𝜂! is the vector of random effect 
parameters quantifying the variation of individual parameters 
around the population mean; 𝜀!" is the residual error. 
Individual PK parameters (𝜃!) can be derived from 𝜃 and 𝜂! 
by different types of inter-individual variability models: 
 
1. Additive model: 𝜃! = 𝜃 + 𝜂!     (Eq.3.5) 
 
 
2. Proportional model: 𝜃! = 𝜃 · (1+ 𝜂!)    (Eq.3.6) 
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3. Exponential model: 𝜃! = 𝜃 · 𝑒𝑥𝑝(𝜂!)    (Eq.3.7) 
 
Nonlinear mixed effects models are composed of two parts, 
(1) the structural pharmacokinetic model and (2) the statistical 
model.  
The structural model is developed based on the underlying 
pharmacokinetic relationship between dose and time, and drug 
plasma concentration by incorporating certain pharmacokinetic 
parameters. Such structural models capture the expected value of 
drug plasma concentration. Usually the determination of the 
structural model is data driven and it may include the determination 
of number of compartments, type of absorption models (if drug is 
given by extravascular administration), linear or nonlinear 
elimination, etc. In addition to the empirical pharmacokinetic 
models, the structural model can also be mechanism based, which 
has gained increasing applications recently (50). Choosing the best 
structural model is a key step for the whole modelling process. 
Some criteria, such as likelihood ratio test (LRT), Akaike 
information criterion (AIC), and graphical examination using 
goodness-of-fit plots, can be used to help select the optimal 
structural model (51). 
The statistical model mainly refers to the model of the 






1. Additive error model: 𝑦 = 𝑦!"#$ + 𝜀    (Eq.3.8) 
 
2. Constant coefficient of variation (CV) or proportional error 
model: 𝑦 = 𝑦!"#$ · (1+ 𝜀)   (Eq.3.9) 
 
3. Exponential error model: 𝑦 = 𝑦!"#$ · 𝑒𝑥𝑝(𝜀)   (Eq.3.10) 
 
4. Combined proportional and additive error model: 𝑦 = 𝑦!"#$ · 1+ 𝜀! + 𝜀!  (Eq.3.11) 
 
5. Poisson error model: 𝑦 = 𝑦!"#$ + 𝑦!"#$ ·   𝜀    (Eq.3.12) 
 
where y represents the observation; 𝑦!"#$  represents the 
model prediction; and ε represents the residual error. 
The structural pharmacokinetic model and statistical residual 
model are often combined together to be referred as the base model. 
After determining the best base model, covariate modelling 
is performed to explore the relationship between pharmacokinetic 
parameters and subject specific covariates.  
In pharmacokinetic studies, a covariate is defined as any 
variable that is specific to an individual and may influence the 
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pharmacokinetics of a drug. Covariates can be classified as intrinsic 
factors, such as age, weight, height, and race, or extrinsic factors, 
such as dose, degree of compliance, smoking status, and presence of 
concomitant medications. 
Several approaches have been proposed to screen potentially 
significant relationships between covariates and parameters. First, a 
graphical exploration that plots pharmacokinetic parameter 
estimates or their inter-individual variability estimates (ETA values) 
against subject specific covariate values can be used. 
After the covariate visual examination screening process, 
physiologically plausible covariates can be tested for statistical 
significance directly in the model using a stepwise model building 
process, including forward inclusion and backward deletion. The 
criterion for covariate inclusion is usually p < 0.05 for forward 
addition, and p < 0.01 for backward elimination. Highly correlated 
covariates, such as body weight and body surface area (BSA), are 
often selected based on physiological plausibility or highest 
significance. Covariates can be divided into two categories: 
continuous and categorical.  
For continuous covariates, covariate submodels are 
generally of three different functions: linear, exponential, or power.  
1. The linear model: 𝜃 = 𝜃! + 𝜃! · 𝐶𝑜𝑣   (Eq.3.13) 
where   θ represents the pharmacokinetic parameter estimate 




patients with Cov equal 0, and θ!  represents the change in the 
pharmacokinetic parameter for unit change in Cov.  
2. The exponential model: 
𝜃 = 𝜃! · 𝑒!!·!"#   (Eq.3.14) 
where    θ represents the pharmacokinetic parameter estimate 
of the population, 𝜃!represents the population parameter value for 
patients with Cov equal 0, and θ!  represents the change in 
Ln(pharmacokinetic parameter) for unit change in Cov.  
3. The power model: 
𝜃 = 𝜃! · 𝐶𝑜𝑣!!   (Eq.3.15) 
In this case, 𝜃!  represents the pharmacokinetic parameter 
when Cov equal 1 and θ!  represents the change in 
Ln(pharmacokinetic parameter) per unit change in Ln(Cov). 
Continuous covariates are often centered in the case of 
linear model or scaled in the case of exponential or power models. 
After centering or scaling, the continuous covariate models can be 
described as: 
1. Linear model: 𝜃 = 𝜃! + 𝜃! · (𝐶𝑂𝑉 − 𝐶𝑂𝑉!"#$%&)  (Eq.3.16) 
2 Exponential model: 
𝜃 = 𝜃! · 𝑒𝑥𝑝 𝜃! · 𝐶𝑂𝑉 − 𝐶𝑂𝑉!"#$%&    (Eq.3.17) 
110 Population PKPD Modelling Of Lenalidomide In Multiple Myeloma Patients. 
 
 
3. Power model: 𝜃 = 𝜃! · !"#!"#!"#$%& !!  (Eq.3.18) 
 
Now θ1 represents the parameter estimate for subjects with 
COV equal to the median values (COVmedian). 
For categorical covariates, they are usually coded as 
dichotomous variables with only two values of 0 or 1. For example, 
male is coded as 0 and female is coded as 1. Common types of 
covariate models for categorical covariates share the same forms of 
those for continuous covariates. 
Allometric scaling is an empirical technique used to explore 
relationships between physiological variables (e.g., cardiac output, 
heart rate, and organ weights) and physical characteristics (e.g., 
total body weight, body surface area, or maximum lifespan 
potential). Allometric scaling was developed based on the principle 
that the relationship between organ size, regional perfusion and 
body weight of mammals could be characterized by a simple 
mathematical power expression: 
 𝑌 = 𝑎 ·𝑊!    (Eq.3.19) 
 
where 𝑌 is the parameter of interest, 𝑊 is body weight and 𝑎 
and 𝑏 are the allometric coefficient and exponent, respectively. In 
population pharmacokinetics, allometric scaling is usually applied 




Eq.3.20 and Eq.3.21(51,52). 
𝐶𝐿! = 𝐶𝐿!"# · !"!" !/!  (Eq.3.20) 
𝑉𝑑! = 𝑉𝑑!"# · !"!" !   (Eq.3.21) 
where 𝐶𝐿!"# is the clearance of a patient with body weight 
of 70 kg; 𝑉𝑑!"#is the volume of distribution of a patient with body 
weight of 70 kg; and 𝑊𝑇 is the body weight of an individual i. 
Regarding estimation, in nonlinear mixed effects models, 
model parameters are usually estimated using maximum likelihood 
estimation approach. The likelihood function, which is the joint 
probability of the observations under the population model, can be 
written as a function of the model parameters. The parameter 
estimates are the ones that can maximize this likelihood.  
However, it is often difficult to calculate the likelihood of 
the data for most pharmacokinetic models because of the nonlinear 
dependence of the observations on the random parameters 𝜂! and 𝜖!. 
To overcome this problem, some algorithms have been proposed 
including the most commonly used first-order (FO) approximation 
approach.  
The first-order estimation of population parameters was first 
implemented in NONMEM to minimize the objective function 
(OFV), which is equal to the -2 the log likelihood of the population 
model. Besides the first order approximation approach, there are 
other available algorithms such as the first-order conditional 
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estimation with interaction (FOCE-I), stochastic approximation of 
expectation-maximization (SAEM), iterative two-stage estimation 
(ITS), and importance sampling estimation (IMP) (42,51). These 
algorithms are highly complicated and will not be discussed in 
detail in this dissertation. 
There are many aspects to the evaluation of a population 
pharmacokinetic model. The OFV is generally used to discriminate 
between models during early stages of model development, 
allowing elimination of unsatisfactory models.  
In later stages when a few candidate models are being 
considered for the final model, simulation-based methods such as 
the visual predictive check (VPC) may be more useful(53). 
Model evaluations should be selected to ensure the model is 
appropriate for intended use. The different methods for model 
evaluation are the following: 
a) Graphical evaluations: the fundamental plot for 
graphical model evaluation is a plot of observed, population-
predicted and individual-predicted concentrations. These plots 
should be structured using combinations logscales, faceting, and/or 
conditioning on explanatory variables to be as informative as 






Fig 3.6. Key diagnostic plots for an hypothetical dataset. (a) Observed 
concentration (OBS) vs. population-predicted concentration (PRED). (b) OBS vs. 
individual-predicted concentrations (IPRED). (c) Conditional weighted residuals 
(CWRES) vs. time after dose (TAD). (d) CWRES vs. population-predicted 
concentrations (PRED).  
 
b) Bootstrap methods: Bootstrap methods are resampling 
techniques that provide an alternative for estimating parameter 
precision. They are useful to verify the robustness of standard 
approximations for parameter uncertainty in parametric models. 
Bootstrapping involves generating replicate data sets where 
individuals are randomly drawn from the original database and can 
be drawn multiple times or not drawn for each replicate. In order to 
adequately reflect the parameter distributions, many replicates (e.g., 
≥1,000) are generated and evaluated using the final model, and 
replicate parameter estimates are tabulated. The percentile bootstrap 
CI are constructed by taking the lower 2.5% and the upper 97.5% 
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value of each parameter estimate from runs, as this interval should 
cover the true value of the parameter estimate ~ 95% of the time. 
c) Visual predictive-check (VPC): VPCs generally involve 
simulation of data from the original database and offer benefits over 
standard diagnostic plots. The final model is used to simulate new 
data sets using the selected database design, and prediction intervals 
(usually 95%) are constructed from simulated concentration time 
profiles and compared with observed data. VPC can ensure that 
simulated data are consistent with observed data. VPC plots 
stratified for relevant covariates (such as age or weight groups), 
doses, or routes of administration are commonly constructed to 
demonstrate model performance in these subsets. Numerous VPC 
approaches are available, including the prediction-corrected 
VPC(54). A prediction-corrected VPC differs from a traditional 
VPC in that both observations and the model predictions are 
normalized for the typical model prediction in each bin of 
independent variables, such as dose. 
3.3.2 Pharmacokinetic/Pharmacodynamic Modelling 
3.3.2.1 Background and Concept 
Population pharmacokinetic/pharmacodynamic (PK/PD) 
models describe the time course of drug effects, relating exposure 
(e.g. AUC0-∞ or Cmax) to response, and providing a more robust 




models can test alternative dose regimens through simulation, 
allowing for informed assessment of potential dose regimens and 
study designs. 
For this purpose, the development of a population 
pharmacokinetic model is needed first; then, the pharmacodynamic 
model is constructed; and finally, both models are combined in 
order to describe the time course of drug effects, relating exposure 
to response. 
PK/PD modelling has been shown to be important during 
regulatory review of new therapeutics (55). The US FDA states that 
PK/PD modelling can represent a well-controlled clinical study, 
contributing to substantial evidence of effectiveness where clinical 
endpoints or accepted surrogates are studied or can add to the 
weight of evidence supporting efficacy where the drug’s mechanism 
of action is well understood (56).  
Population PK/PD evaluations are useful both to identify 
appropriate dose regimens and to identify sources of variability that 
might contribute to lack of efficacy or predispose patients to 
adverse events. Other uses include extrapolation into different 
patient populations (e.g., paediatrics) or different therapeutic areas.  
Pharmacodynamic data can be continuous, such as tumour 
size, blood glucose or enzyme levels, or categorical (e.g., can take 
only discrete values in a range), such as grade of an adverse event, 
physician’s global assessment scales, or type of response to the 
treatment (complete response, partial response, etc.). Categorical 
data require special consideration and are usually handled with 
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probability or count models. However, if the number of categories 
is sufficiently high (usually 6–10), ordered categorical data might 
be treated as continuous. 
3.3.2.2 Continuous Pharmacodynamic Models 
Concentration–effect relationships are central to PK/PD 
models. The origins of the four fundamental relationships can be 
traced to receptor theory (Fig 3.7) (57). A drug (D) binds with a 
specific three-dimensional receptor (R) in the body forming a drug–
receptor complex (DR). The altered drug–receptor complex initiates 
an immediate (e.g., ion channel) or delayed (e.g., change in protein 
expression) sequence of events leading to an observable drug effect 
(E): 
 
Fig 3.7. Receptor theory for concentration-effect relationships. 
While irreversible binding is possible, typically binding is a 
dynamic process with the net concentration of the drug–receptor 
complex being a balance between the rate of drug and receptor 
association (kon) and the rate the complex dissociates (koff). The 
classical chemical equilibrium equation shows the ratio of free 
receptor concentration [R] to bound receptor concentration [DR] is 
a function of the drug concentration [D] and the ratio of koff/kon (the 




!!""!!" = 𝐾! = ! !!"    (Eq.3.22) 
As Kd is a constant, it can be seen that increasing drug 
concentration reduces [R] and increases [DR], hence increasing 
drug effect. If [D] is very high, receptors are saturated; further 
increasing the drug concentration produces no additional increase in 
drug effect—there is therefore a maximal effect (Emax) for all drugs. 
Four main concentration-effect relationships have been 
described in literature: 
 
a) Sigmoid Emax concentration effect 
In this general case, “n” drug molecules bind with each 
receptor, and Kd is expressed as the EC50, the concentration at 
which E is 50% of Emax. The parameter n (the “Hill” coefficient) 
affects the “steepness” of the concentration–effect relationship. 
When n is high (>5), the concentration–effect relationship may 
become steep enough for the effect to be functionally present or 
absent. 
𝐸 = !!"#·!!!"!"! !!!    (Eq.3.23) 
b) Emax concentration effect 
When only one drug molecule binds with one receptor, n = 
1, and Eq. 3.23 can be simplified (Eq. 3.24). While the origin of the 
parameter n is based on receptor theory, in practice, it is often an 
empirical device that can improve the fit of PD data. Hence, if Eq. 
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3.24 is found to fit a data set, it may be worthwhile also to try Eq. 
3.23, with the initial parameter value set at 1, and the parameter 
range bounded to plausible values (e.g., 0.1–10). 𝐸 = !!"#·!!"!"!!    (Eq.3.24) 
c) Linear concentration effect 
Eq. 3.23 can be simplified further when C is much less than 
EC50. This represents the apparent linear segment of the 
concentration relationship, which has an approximate slope of 
Emax/EC50 that can be represented by a single “slope” parameter. An 
apparent linear relationship may describe studies where the range of 
doses used is relatively narrow (e.g., clinically used doses) but 
should only be used for interpolation rather than extrapolation of 
drug effects beyond the dose studied. 𝐸 ≈ !!"#!"!" · 𝐶 = 𝑆𝑙𝑜𝑝𝑒 · 𝐶  (Eq.3.25) 
 
d) Log-linear concentration effect 
The apparent linear segment of the concentration–effect 
relationship can be extended by plotting effect against log 
concentration (Eq. 3.26). However, this equation cannot represent 
the case where C is zero and is problematical for this reason when 
baseline or placebo data are modelled. While not ideal, a log-linear 




variability (e.g., cytokines), when more physiologic models fail. 𝐸 = 𝑆𝑙𝑜𝑝𝑒 · log  (𝐶)   (Eq.3.26) 
3.3.2.3 Categorical Pharmacodynamic Models: time-to-event 
models 
Time-to-event (TTE) modelling represents the main 
approach to handle categorical data. TTE models provide the link 
between standard PK/PD models, disease progression, and clinical 
outcome events.   
TTE data is unique because the outcome of interest is not 
only whether or not an event occurred, but also when that event 
occurred. Traditional methods of logistic and linear regression are 
not suited to be able to include both the event and time aspects as 
the outcome in the model. Traditional regression methods also are 
not equipped to handle censoring, a special type of missing data that 
occurs in time-to-event analyses when subjects do not experience 
the event of interest during the follow-up time. In the presence of 
censoring, the true time to event is underestimated. 
In TTE analysis, the survival function, S(t), is the 
probability that an individual will survive beyond time t, in other 
words, the probability of not experiencing an event. The survival 
can be defined by the following equation where survival has an 
initial value (S0) representing the number of people that have not 
experienced the event at time 0: 
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𝑆 𝑡 = 𝑆! · 𝑒!!·!   (Eq.3.27) 
 
where h is the hazard function, defined as the instantaneous 
potential of experiencing an event at time t, conditional on having 
survived to that time.  
The cumulative hazard function, cumhaz, is the integral of 
the hazard function from time 0 to time t, which equals the area 
under the curve h(t) between time 0 and time t. The survival 
function equals the exponentiated negative cumulative hazard 
function: 
 𝑆 𝑡 = 𝑒!!"#!!"   (Eq.3.28) 
 
The cumulative hazard is sometimes known as the risk.  
 
And finally, the likelihood of observing an event at a 
particular time is predicted by the probability density function (pdf). 
When the exact time of the event is observed, the pdf is the product 
of the survivor function and the hazard at that time: 
 𝑃𝑑𝑓 𝑡 = 𝑆 𝑡 · ℎ(𝑡)   (Eq.3.29) 
 
The power of the hazard function becomes evident in 
pharmacometric applications when factors changing the hazard vary 
with time. An obvious example would be if drug treatment 




concentration and thus, the hazard in the drug-treated arm will vary 
with the time course of drug concentration. 
One of the specific challenges of survival analysis is that 
only some individuals will have experienced the event by the end of 
the study, and therefore survival times will be unknown for a subset 
of the study group. This phenomenon is called censoring and may 
arise in the following ways: the study participant has not yet 
experienced the relevant outcome, such as relapse or death, by the 
end of the study; the study participant is lost to follow-up during the 
study period; or, the study participant experiences a different event 
that makes further follow-up impossible. 
There are three main types of censoring, right, left, and 
interval. If the event occurs beyond the end of the study, then the 
data is right-censored. Left-censored data occurs when the event is 
observed, but exact event time is unknown. Interval-censored data 
occurs when the event is observed, but participants come in and out 
of observation, so the exact event time is unknown. 
Time-to-event data analysis can be performed by means of 
three different approaches: non-parametric, semi-parametric and 
parametric approaches. The choice of which approach to use should 
be driven by the research question of interest. 
A non-parametric approach to the analysis of TTE data is 
used to simply describe the survival data with respect to the factor 
under investigation. Models utilizing this approach are also referred 
to as univariable models.  
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More commonly, investigators are interested in the 
relationship between several covariates and the time to event. Then, 
the use of semi- and fully-parametric models allow the time to event 
to be analysed with respect to many factors simultaneously, and 
provides estimates of the strength of the effect for each factor. 
One of the main advantages of semi-parametric models is 
that the baseline hazard does not need to be specified in order to 
estimate hazard ratios that describe differences in the relative hazard 
between groups. It may be, however, that the estimation of the 
baseline hazard itself is of interest. In this case, a parametric 
approach is necessary. In parametric approaches, both the hazard 
function and the effect of the covariates are specified. The hazard 
function is estimated based on an assumed distribution in the 
underlying population. 
The advantages of using a parametric approach to survival 
analysis are: 
 
o Parametric approaches are more informative than non- and 
semi-parametric approaches. In addition to calculating 
relative effect estimates, they can also be used to predict 
survival time, hazard rates and mean and median survival 
times. They can also be used to make absolute risk 
predictions over time and to plot covariate-adjusted survival 
curves. 
o When the parametric form is correctly specified, parametric 




They are also more efficient, leading to smaller standard 
errors and more precise estimates. 
o Parametric approaches rely on full maximum likelihood to 
estimate parameters. 
o Residuals of parametric models take the familiar form of the 
difference in the observed versus expected. 
 
The main disadvantage of using a parametric approach is 
that is relies on the assumption that the underlying population 
distribution has been correctly specified. Parametric models are not 
robust to misspecification, which is why semi-parametric models 
are more common in the literature and are less risky to use when 
there is uncertainty about the underlying population distribution. 
Different baseline hazard distributions have been described 
for time-to-event modelling. The baseline hazard could be defined 
as the hazard of the event without the effect of covariates. The 
simplest baseline hazard distribution is the exponential distribution 
that arises when the hazard is constant.  ℎ 𝑡 = 𝜆!    (Eq.3.30) 
When the hazard increases with time, this may be expressed 
with the Gompertz function: 
ℎ 𝑡 = 𝜆! · 𝑒!·!   (Eq.3.31) 
Other distributions of the baseline hazard are: 
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Weibull hazard function: ℎ 𝑡 = 𝜆 · 𝛾 · 𝑡!!!   (Eq.3.32) 
Log-normal hazard function: 
ℎ(𝑡) =    !!·! ·!·   !"  (!)!!· !!"  (!)!    (Eq.3.33) 
After identifying the distribution that best describes the 
baseline hazard, covariate modelling is performed to identify 
subject specific covariates as risk factors that modify the baseline 
hazard of experiencing the event.  
The hazard (h), including covariates, is usually modelled 
over time (t) as: 
ℎ 𝑡 =   ℎ! 𝑡 · 𝑒!!·!!!!!·!!!...!!!·!!   (Eq.3.34) 
where h0(t) is the baseline hazard without influence of 
covariates, Xi represents the potential covariates tested and βi 
represents the regression coefficient describing the effect of 
covariate Xi.  
The hazard ratio of a given covariate Xi is obtained by eβ. 
The covariate coefficient (βi) is usually modelled as βi·Xi for 
dichotomous covariates and as a change from the median covariate: 
βi·(Xi-Xmedian) for continuous covariates. Dichotomous covariates 




so that the covariate parameter is estimated for the less frequent 
category. 
Several approaches have been proposed to screen potential 
covariates. First, a graphical exploration that plots stratified 
Kaplan–Meier curves for the categorical covariates can be used. 
After the covariate visual examination screening process, 
physiologically plausible covariates can be tested for statistical 
significance directly in the model using a stepwise model building 
process, including forward inclusion and backward deletion. The 
criterion for covariate inclusion or elimination is the same as the 
one used in population pharmacokinetic model building (usually p < 
0.05 for forward addition, and p < 0.01 for backward elimination).  
Regarding estimation and model evaluation, the nonlinear 
mixed-effect modelling approach is one of the available methods 
for modelling TTE data(58). The hazard function has to be written 
manually and is integrated by the software (e.g. NONMEM). The 
likelihood is then calculated from the cumulative hazard. 
Parameters included in the hazard function are estimated usually by 
means of the first-order approximation approach (FO). 
Bootstrap methods and VPCs are the usual tools for model 
evaluation. By means of the bootstrap technique, 95%CI are 
calculated for each parameter estimate. A form of visual predictive 
check for predictions of the hazard function is created by comparing 
a Kaplan–Meier plot with 95% CI from the original data to the 
simulated median and 95% CI obtained by simulating many 
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replicates of the event time distribution and performing a Kaplan–
Meier plot on each replicate(59). 
3.3.3 Application of Pharmacometrics in Clinical Practice 
Pharmacokinetic and pharmacodynamic modelling is a 
useful tool to evaluate and optimize drug therapy. The application 
of the population approach is important in the field of clinical 
oncology because anti-cancer drugs generally have narrow 
therapeutic ranges and because drug exposure is generally related to 
the clinical outcome. For optimal treatment of cancer patients, it is 
important that administered dosages yield optimal effects without 
causing life-threatening adverse events. Hence, efficacy and safety 
should be optimized for individual patients. 
Population pharmacokinetic modelling has been widely used 
to assess the pharmacokinetics of anti-cancer drugs. Population 
pharmacokinetic models have been developed and published for 
anti-cancer drugs such as 5-fluorouracil, cisplatin, carboplatin, 
etoposide, paclitaxel, anthracyclines or methotrexate, and even for 
some new targeted therapies, such as imatinib, gefitinib or erlotinib, 
amongst many others (60).  
For instance, population pharmacokinetic analysis was used 
to characterize the complex pharmacokinetics of paclitaxel. Data 
from an early phase-I study of paclitaxel indicated that the area 
under the plasma concentration-time curve increased more than 
proportionally with the dose. Karlsson et al. (61) used nonlinear 




paclitaxel and demonstrated that both a saturable transport model 
and a saturable binding model could be fitted adequately to the 
clinical data. The model was further extended to a mechanism-
based model, which included linear and saturable binding to plasma 
proteins as well as linear and saturable binding to red blood 
cells(62).  
Population modelling has also been applied to simultaneous 
analysis of the pharmacokinetic data of parent compounds and their 
metabolites. Especially for prodrugs, application of the population 
approach may be useful to characterize the pharmacokinetic profile 
of the active metabolite. For instance, the complex metabolic 
pathway of capecitabine resulting in formation of fluorouracil could 
be described by simultaneous analysis of four successive 
compounds: capecitabine, 5’-deoxy-5-fluorocytidine, 5’-deoxy-5-
fluorouridine and fluorouracil(63). 
Nevertheless, the most accepted application of population 
pharmacokinetics in the oncology community is the monitoring of 
plasma concentrations of methotrexate for the identification of 
patients with increased risk of toxicity. As a part of combination 
therapy, methotrexate is given at high dose (>1 g/m2 intravenously) 
for the treatment of certain tumours (acute lymphoblastic 
leukaemia, non-Hodgkin lymphoma and osteosarcoma). To avoid 
life-threatening toxicity, high-dose methotrexate infusion requires 
the monitoring of plasma concentrations and the administration of 
folinic acid or leucovorin (64,65), hydration to ensure optimal 
elimination and alkalinisation of urine to prevent the risk of 
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precipitation and renal injury. Methotrexate displays a highly 
variable total body clearance (40–400 mL/min) and 
pharmacokinetic variability has been linked to both toxicity and 
efficacy (64). However, in routine practice, the monitoring of 
plasma concentrations is only used after high-dose methotrexate 
infusions to provide monitoring of drug elimination and prevention 
of excessive toxicity, not to optimise efficacy, except for 
osteosarcoma. Methotrexate plasma levels are determined at pre-
defined sample times after the start of the infusion, with various cut-
off values used to define the risk of excessive toxicity due to 
delayed elimination and the need for additional injections of folinic 
acid. 
In contrast, the application of pharmacodynamic modelling 
in clinical oncology is more limited, since the toxicity scores and 
response rates of anti-cancer agents are generally categorical, 
sparse, subject to inter-observer variability and often dependent on 
cumulative treatment. The nature of these pharmacodynamic data 
complicates the identification and quantification of PK-PD 
relationships. Nevertheless, the increasing experience with 
longitudinal proportional odds ratio models, Markov models, time-
to-event models and patient-drop-out models may facilitate the 
analysis of categorical and cumulative pharmacodynamic data in the 
near future. 
Regarding relationships between pharmacokinetics and 
efficacy, efficacy measurements are usually sparse and are 




difficult starting point to identify relationships between drug 
exposure and response rates or tumour size measurements. To date, 
very few population models of relationships between 
pharmacokinetics and efficacy have been reported. For instance, 
Mould et al. (66) showed that increasing alemtuzumab exposure 
resulted in an increased probability of a positive tumour response. 
In contrast, PK/PD modelling has been used extensively to 
investigate relationships between pharmacokinetics and toxicity, 
such as chemotherapy-induced myelosuppression. A 
semimechanistic model developed by Friberg et al. (67) has become 
the gold standard to describe chemotherapy-induced 
myelosuppression  and has been applied to a wide range of anti-
cancer drugs to describe neutropenia, leukopenia and 
thrombocytopenia (60).  
Cardiotoxicity expressed as decline in left ventricular 
ejection fraction (LVEF) has also been used to develop a 
pharmacodynamic model with an effect compartment model to 
describe the decrease in LVEF over time, related to trastuzumab 
exposure (68). Additionally, the model incorporated the prior 
cumulative anthracycline dose as a covariate and found that this 
dose was an important determinant for the sensitivity to LVEF 
decline. 
Nevertheless, pharmacokinetic and pharmacodynamic 
modelling has not been generally established in clinical practice for 
several reasons: usually, multiple blood samples need to be taken, 
the availability of analytical methods for drug determination is 
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limited, or the associated costs are high. However, there are some 
specific situations for which these limitations are overcome, 
including high dose methotrexate or 5-fluorouracil infusion. In 
addition, the determination of the tyrosine-kinase inhibitor imatinib 
is also being established in clinical practice routine. 
In summary, the population approach can yield important 
information for treatment optimization in clinical oncology, where 
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4.1 Study Design 
Observational, prospective and non-controlled study. A 
schematic representation of the different analyses performed for this 
study is shown in Fig 4.1. A pharmacokinetic analysis was 
performed in a subgroup integrated by patients with available blood 
samples (PK subgroup). Two pharmacokinetic/pharmacodynamic 
analyses were performed by using available clinical data from the 
totality of patients included in the study (Total sample).  
 
 
Fig 4.1 Schematic representation of the study design.  
4.2 Study Setting 
The study was carried out at Doctor Peset University 
Hospital of Valencia, Spain, from January 2014 to August 2016.  
Prior to study initiation, the study protocol, investigator’s 
brochure, information sheet and informed consent form (Appendix 
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8.4) were reviewed and approved by the Independent 
Investigational Review Board, Inc. (CEIC-BGL-001) of Doctor 
Peset University Hospital of Valencia, Spain (Appendix 8.5). All 
subjects signed informed consent to the study prior to sample 
collection.  
The study was carried out in concordance with the 
International Conference on Harmonisation (ICH) Guidelines for 
Good Clinical Practice(69). 
4.3 Patients and Treatment 
4.3.1 Inclusion and exclusion criteria 
Patients that fulfilled all of the following criteria were 
eligible for admission to the study: 
-­‐ Patients with active multiple myeloma defined by the 
International Myeloma Working Group diagnose 
criteria(10). 
-­‐ Between 18 and 90 years of age. 
-­‐ Male or female. 
-­‐ Treated with lenalidomide (Revlimid®) in combination with 
dexamethasone at any dose level at the moment of inclusion. 
-­‐ Receiving lenalidomide and dexamethasone as first, second 
or further line of treatment. 
-­‐ At least one month receiving lenalidomide 
-­‐ Capable of giving signed informed consent. 




Patients who fulfilled any of the following criteria were not 
eligible for admission to the study: 
- Any serious medical condition, laboratory abnormality, or 
psychiatric illness that would prevent the subject from 
signing the informed consent form. 
- Pregnant or breast-feeding females.  
- Signs of non-compliance to treatment administration. 
4.3.2 Lenalidomide treatment 
Lenalidomide was administered in combination with 
dexamethasone following the recommendations of the 
manufacturer: 
- The initial lenalidomide dose was 25 mg daily on days one 
through 21 of 28-day cycles.  
- The recommended dose of dexamethasone was 40 mg orally 
once daily on days 1, 8, 15 and 22 of repeated 28-day cycles. For 
patients 75 years of age or older, the starting dose of 
dexamethasone was 20 mg/day on days 1, 8, 15 and 22 of each 
28-day treatment cycle. 
- Dose was adjusted in patients with moderate or severe renal 
impairment following the drug’s label (Table 3.5). 
- Dose adjustments were performed to manage grade 3 or 4 
thrombocytopenia, neutropenia, or other grade 3 or 4 toxicity 
judged to be related to lenalidomide, according to the drug’s 
label (Table 3.6).  
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4.4 Study Variables 
The main sources of information used to collect the defined 
variables were the electronic clinical records, implemented in the 
applications Orion Clinic® (Everis, Spain) and Farmis_Oncofarm® 
(IMF S.L., Spain). Tables 4.1, 4.2, 4.3 and 4.4 summarize the 
variables defined for the development of the studies.  
 
Table 4.1. Study variables: demographic characteristics. 
Variable Type Comments 
Age (years) Cont. - 
Gender Dich. (0: male; 1: female) 
Body weight (kg) Cont. - 
Height (cm) Cont. - 
Body surface area (m2, 
BSA, Du Bois method)  Cont. 0.007 · 𝑊𝑒𝑖𝑔ℎ𝑡(𝑘𝑔)!.!" · 𝐻𝑒𝑖𝑔ℎ𝑡(𝑐𝑚)!.!" 
Cont: continuous; Dich: dichotomous. 
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Table 4.2. Study variables: laboratory tests related information. 




Male: 0.65 to 1.35 















Male: 12.0 to 16.0 




Cont. Reference range: 2.5–7.5×10
9 
 
Serum calcium (mg/dL) 
Cont. 
Reference range: 8.1-10.5 
 
Serum albumin (g/dL) 
Cont. 
Reference range: 3.5 to 5.2 
 
Total immunoglobulin 
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Table 4.3. Study variables: disease related information. 
Variable Type Comments 
Type of monoclonal protein 
(determined by serum protein 
electrophoresis) 
 
Dich. (0: IgG; 1: IgA, light-chain 
and non-secretory) 
 
Type of free-light chain (determined by 
serum protein electrophoresis)  
 
Dich. 
(0: kappa; 1: lambda) 
 
Stage of multiple myeloma (according 
to the Revised International Staging 
System for multiple myeloma(15)) 
 
Cat. 
(1: Stage I; 2: Stage II; 3: 
Stage III) 
 
Time from lenalidomide start to 




Time from lenalidomide start to first 
severe (grade 3 or 4) neutropenia 





Expression status of CD138, CD38, 
CD56, CD19 and CD45 on myeloma 




(0: absent; 1: present) 
 
Cytogenetic abnormalities of p53 
(17p13), Rb1 (13q14) or IGH/FGFR 
t(4;14) (determined by FISH) 
Dich. 
(0: absent; 1: present) 
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Table 4.4. Study variables: treatment related information. 
Variable Type Comments 
Dose of lenalidomide (mg/day) 
 
Cont. - 
Number lenalidomide cycles 
administered previous to PK sampling 
 
Cont. - 




Autologous stem cell transplantation 
previous to lenalidomide treatment 
Dich. (0: No; 1: Yes) 
PK: pharmacokinetic; Cont: continuous; Dich: dichotomous. 
4.4.1 Monitoring of Clinical Response and Toxicity 
In order to obtain the study variables summarized in Tables 
4.1, 4.2, 4.3 and 4.4, patients were monitored during the follow-up 
period following the sequence of interventions shown in Fig 4.2. 
History and physical examination, blood counts and chemistries 
were obtained prior to the starting of therapy and prior to each cycle 
of treatment. Monitoring for clinical response and drug toxicity 
assessment were carried out prior to each cycle of treatment. 
Routine urinalysis and 24h urine collection for proteinuria, 
electrophoresis and immunofixation were performed prior to each 
cycle of treatment. Bone marrow examination was carried out prior 
to the starting of therapy and at the time of disease progression. All 
the specified interventions are carried out in clinical practice 
routine, and not specifically for this study. 
  



















Fig 4.2. Sequence of interventions applied to patients during follow-up.  
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Evaluation of clinical response was carried out following the 
IMWG consensus criteria for response in multiple myeloma (Table 
3.4) (22), as performed in clinical practice routine. Toxicity (e.g., 
neutropenia) was graded according to the National Cancer Institute 
Common Terminology Criteria for Adverse Events (CTCAE) 
version 4.0, as shown in Table 4.5 (70). 
 
Table 4.5. Grade of neutropenia according to the CTCAE version 4.0. 
Neutrophil count 
Grade  
1 <LLN - 1.5·109 cells/L 
2 1.5 - 1.0·109 cells/L 
3 1.0 - 0.5·109 cells/L 
4 <0.5·109 cells/L 
From CTCAE v.4.0.(70); LLN: lower limit of normality 
4.5 Blood Sampling Scheme  
The blood sampling scheme was designed based on 
previously published lenalidomide plasma concentration-time 
profiles (71–73). A pharmacokinetic monitoring sheet (Appendix 
8.6) was designed to easily collect the information needed for the 
pharmacokinetic analysis of the collected samples. 
On the first day of one of the treatment cycles (Fig 4.2), 
blood samples (5 mL) were taken at 0.5, 1, 2 and 4 hours after oral 
lenalidomide administration. Samples were taken using plastic 
blood collection tubes with EDTA (Vacutainer® purple cap).   
Plasma samples were obtained by centrifugation of blood 
samples at 3000 rpm and were stored at 4 °C for a maximum of 24 
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hours before lenalidomide determination.  
Blood sample collection was performed in the subsequent 
treatment cycle after the inclusion of each patient in the study. 
Thus, samples were only collected in one treatment cycle and the 
number of lenalidomide cycles administered previous to blood 
sampling was collected as a study variable (Table 4.4). 
4.6 Analytical Method 
There are many factors that should be taken into account 
when performing a pharmacokinetic study. One of the most relevant 
is the analytical method. Therefore, in this study an analytical 
method for the determination of lenalidomide in plasma with 
adequate sensitivity and selectivity, low cost, and a wide linearity 
range was developed and validated. The following paragraphs 
describe the most important aspects of the analytical method 
developed in this study(74). 
4.6.1 Reagents 
All reagents were of analytical grade. Lenalidomide was 
purchased from Cayman Chemical (Ann Arbor, MI) and stored at 
−20°C. Sodium dihydrogen phosphate was purchased from Panreac 
(Barcelona, Spain). Purified water was purchased from Grifols 
(Barcelona, Spain). Ortophosporic acid was obtained from Fluka 
(St. Louis, MO). Acetonitrile and methanol were obtained from 
Scharlab (Barcelona, Spain). 
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4.6.2 Instrumentation and Chromatographic Conditions 
An Agilent Technologies 1100 liquid chromatograph with a 
quaternary pump, a diode array detector, a thermostated column 
compartment, an autosampler and an HP Compaq computer 
equipped with Agilent-Chemstation software was used (Agilent 
Technologies, Santa Clara, CA).  
The chromatographic separations were performed on an 
analytical column Xterra RP C18 (250 mm length × 4.6 mm i.d., 5-
µm particle diameter), manufactured by Waters Corporation 
(Milford, MA). The column temperature was kept constant at 21 ± 2 
°C.  
Separations were performed in isocratic mode. The mobile 
phase used for separation consisted of phosphate buffer/acetonitrile 
(85:15, v/v, pH 3.2) pumped at flow rate of 0.5 mL/min. The mobile 
phase was vacuum-filtered through 0.45-µm nylon membranes 
(Micron Separations, Westboro, MA) and degassed by 
ultrasonication prior to high performance liquid chromatography 
(HPLC) analysis. The UV detector was set at 311 nm. The peak 
area of lenalidomide was measured in each chromatogram. 
Retention time of lenalidomide was 10.8 min.  
4.6.3 Solution Preparation 
Lenalidomide standard solution: an accurately weighted 
amount (0.5 mg) of lenalidomide was transferred into a calibrated 
volumetric flask, dissolved in acetonitrile, and completed to volume 
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with the same solvent to produce a stock solution of 0.5 mg/mL. On 
the day of analysis, the stock solution was further diluted with water 
to obtain a working standard solution containing 2.0 µg/mL. 
Phosphate buffer solution: A weighted amount of sodium 
dihydrogen phosphate (3.6 g) was dissolved in 1000 mL distilled 
water. The pH of the solution was adjusted to 3.2 ± 0.1 with 
orthophosphoric acid. 
4.6.4 General Procedure 
Accurately measured aliquots of lenalidomide working stock 
solution (2.0 µg/mL) were transferred into 10 separate assay tubes 
each containing 525 µL plasma. The volumes in all tubes were 
adjusted, as necessary, to 1.0 mL with water. This resulted in a 
series of lenalidomide-spiked plasma solutions covering the 
working range of 100 to 950 ng/mL. A blank solution containing 
water and 525 µL plasma was also prepared.  
The assay tubes were ultrasonicated for 20 min at room 
temperature and then centrifuged for 10 min at 3000 rpm.  
A solid-phase extraction (SPE) was carried out before 
injecting the solutions in the chromatograph using cyano-bonding 
cartridges (Discovery DSC-CN SPE Tube, bed weight 500 mg, 
volume 3 mL; Sigma-Aldrich, St. Louis, MO). The steps followed 
for the extraction of lenalidomide were: 
1) Cartridge conditioning with methanol (2 mL) 
2) Solid phase equilibration with 0.03 M phosphate buffer 
(pH 7.4) (2 mL) 
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3) Load of serum or plasma spiked with lenalidomide (1 mL) 
4) Washout with 0.03 M phosphate buffer (pH 7.4) (2 mL) 
5) Elution with mobile phase (2 mL). 
The eluted samples were evaporated to dryness at 70 ± 1 °C 
under a vacuum of 600 mm Hg for 60 min in a Heidolph Synthesis 
1 Multi-evaporator (Heidolph Instruments GmbH & Co.KG, 
Schwabach, Germany). The solid obtained was further diluted in 
110 µL of mobile phase and centrifuged for 2 min at 10,200 rpm. 
The supernatant was transferred into an HPLC vial, and a volume of 
80 µL of this solution was injected into the HPLC system. Peak area 
values of lenalidomide obtained at retention time of around 10.8 
min were plotted versus the lenalidomide concentration.  
The analytical method general procedure is schematically 
summarized in Fig 4.3. 
 
Fig 4.3. Summary of the analytical method general procedure. 
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4.6.5 Analytical Method Validation 
Validation of the assay consisted on the assessment of 
linearity, lower limit of detection and quantitation (LOD and LOQ), 
specificity, intra-day (within-run) and inter-day (between-run) 
accuracy and precision, recovery, robustness, and ruggedness of the 
method. The validation was performed following ICH guidelines 
(75).  
Linearity was determined at 10 concentration levels of 
lenalidomide. The selected concentrations covered the range of 
expected plasma concentrations after a standard lenalidomide dose 
of 25 mg once daily (71–73). The peak area values of lenalidomide 
obtained by HPLC and lenalidomide concentration data were 
adjusted to a linear model minimizing the sum of squares of the 
residuals of the adjusted line. In addition, the intercept with the y-
axis and the slope were estimated, together with their standard 
errors. This way the inferential statistics can be applied to check if 
there are statistically significant differences between the parameters 
of the regression line and those of the identity line. Furthermore, the 
coefficient of correlation r2 allowed studying the degree of 
association between the two variables. In addition, to examine 
whether the intercept was significantly different from zero, the 
intercept was subjected to a t test. 
To determine the LOD and LOQ, the signal-to-noise ratio 
was calculated by comparing results for samples with known 
concentrations to blank samples, following Eq.4.1 and Eq.4.2. 
PATIENTS AND METHODS 147 
 
 
𝐿𝑂𝐷 = 3 · 𝐵𝑠    (Eq.4.1) 𝐿𝑂𝑄 = 10 · 𝐵𝑠   (Eq.4.2) 
where 𝐵𝑠 represents the blank’s signal. 
 
The specificity of the method was ascertained by evaluating 
the presence of interferences at the retention time of lenalidomide. 
The within-run and between-run precision and accuracy 
were determined by analysing quality control (QC) samples of four 
concentration levels covering the calibration range (100, 250, 450, 
and 950 ng/mL). Within-run (intraday) accuracy and precision were 
determined by analysing in a single run four QC samples per level. 
Between-run (interday) accuracy and precision were determined by 
analysing QC samples in three runs on 3 different days. The mean 
estimated concentrations were compared with the nominal values of 
the QC samples, and the CV and relative error (RE) were calculated 
to determine precision and accuracy, respectively. The mean back-
calculated concentrations should be within 15% of the nominal 
values for the QC samples, except for LOQ, which should be within 
20% of the nominal value. CV value should not exceed 15% for the 
QC samples, except for the LOQ, which should not exceed 20% 
(76).  
The mean recoveries of lenalidomide were determined by 
comparison of the peak area of the plasma QC levels with standard 
solutions of equivalent concentrations in the mobile phase. The 
recovery was calculated as follows: 
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%Recovery = !"#$%&"'  !"#!$#%&'%("#!"#$  !"#!$#%&'%("# · 100  (Eq. 4.3)  
An ANOVA was carried out to determine if significant 
differences existed between the recoveries of lenalidomide at 
different quality control levels. 
The robustness of the method was evaluated by making 
minor changes on the chromatographic parameters. To measure the 
extent, the most critical parameters were interchanged while 
keeping the other parameters unchanged. The chromatographic 
parameters were interchanged within the range of 1% to 10% of the 
optimum recommended conditions. The parameters involved were 
the pH of the phosphate buffer used in the mobile phase, the ratio 
between the components of the mobile phase, and column 
temperature. 
The ruggedness of the method measures the influence of 
external factors, such as different instruments, analysts, and days, 
on results. It was evaluated by applying the recommended analytical 
procedures on the same HPLC system on different days on the 
analysis of a series of lenalidomide-spiked plasma samples. 
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4.7 Pharmacokinetic and Pharmacokinetic-
Pharmacodynamic Analyses of Lenalidomide 
A population pharmacokinetic analysis of lenalidomide in 
multiple myeloma patients was carried out using the concentration-
time data obtained by analysing the collected blood samples by 
HPLC. Regarding the observations below the lower limit of 
quantitation (LOQ) of the analytical method, the real measured 
values were used for model building. 
Once the population pharmacokinetics of lenalidomide were 
characterized and covariates were identified, the next step was to 
describe the time course of drug effects, relating lenalidomide 
exposure to response. For this purpose, two PK/PD analyses were 
performed: 
- The first one was a lenalidomide exposure-response 
analysis, in order to identify risk factors for multiple 
myeloma progression. 
- And the second one was a lenalidomide exposure-toxicity 
analysis, to identify risk factors for severe neutropenia 
related to lenalidomide. 
 
Both PK/PD analyses were carried out using the same 
methodology, but selecting different endpoints. For the 
lenalidomide exposure-response analysis, the clinical endpoint was 
the time to disease progression during lenalidomide treatment. For 
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the exposure-toxicity analysis, the clinical endpoint was the time to 
severe neutropenia (grade 3 or 4) related to lenalidomide treatment. 
Both endpoints were described by means of a parametric 
time-to-event model. A different time-to-event model was built for 
each endpoint. Patients who had not experienced an event by the 
end of the follow-up period or patients that had stopped treatment 
for other reasons were right-censored.  
Both for the population PK analysis and the PK/PD 
analyses, model development was performed in three steps: (1) a 
base model was built; (2) the covariate model was developed by 
selecting those patient characteristics that showed significant impact 
on the model parameters; and (3) the final model (base model and 
covariate model) was evaluated and validated.  
4.7.1 Model Development 
4.7.1.1 Software 
NONMEM v7.3 (Icon Development Solutions, Ellicott City, 
MD, USA) (49) was used for nonlinear mixed effect modelling, 
using PsN toolkit 3.4.2 (77) and Piraña version 2.8.0 (78) as 
modelling environment.  
For the analysis of the results obtained in the different 
studies, statistical software package R (v2.15.2) and RStudio 
(v0.97.248; Boston, MA, USA) were used. 
First-order conditional estimation method with interaction 
(FOCE-I) was used for population pharmacokinetic model building 
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and first-order approximation approach (FO) was used for time-to-
event modelling. Individual pharmacokinetic parameters were 
estimated using the Bayesian maximum a posteriori probability 
method implemented in the POSTHOC option in NONMEM.  
4.7.1.2 Base Pharmacokinetic Model 
Since only data after oral and not after intravenous 
administration were available, the absolute oral bioavailability 
could not be determined. Therefore, lenalidomide apparent 
clearance and apparent volume of distribution were estimated.  
First, a visual inspection of the experimental plasma 
concentration–time data was performed. Next, one- and two-
compartmental pharmacokinetic models with first-order elimination 
were compared to find the best fit of the concentration-time data 
(Fig 4.4).  
 
Fig 4.4. Schematic representation of one- and two-compartmental 
pharmacokinetic models. ka: absorption constant; Vd/F: apparent volume of 
distribution; Cl/F: apparent clearance; Q: intercompartmental clearance. 
Then, the use of transit compartments for drug absorption 
was explored, adding compartments until objective function value 
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(OFV) did not improve significantly (Fig 4.5). The transit 
compartments describe the absorption delay by the passage of drug 
through a series of transit compartments with a single transfer rate 
constant, ka. 
 
Fig 4.5 Schematic representation of a one-compartmental pharmacokinetic 
model with transit compartments to describe absorption. ka: absorption constant; 
Vd/F: apparent volume of distribution; Cl/F: apparent clearance; 
 
Inter-individual variability (IIV) was evaluated on all the 
structural model parameters using an exponential variability error 
model (Eq. 3.7). Additive, proportional, exponential, Poisson and 
additive-proportional error models were tested to explain residual 
variability, using the equations defined in the “Background” 
section. As full pharmacokinetic profiles were only obtained at one 
visit, inter-occasion variability was not considered. 
Once the best structural model and statistical residual model 
were selected, the individual pharmacokinetic parameters were 
estimated using the Bayesian maximum a posteriori probability 
method (POSTHOC option in NONMEM software). Obtaining the 
individual pharmacokinetic parameters allows a univariate and 
multivariate analysis of the individual pharmacokinetic parameters 
versus the potential predictor variables (covariates): the obtained 
individual pharmacokinetic parameters (and the inter-individual 
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variability) are plotted versus the covariates to perform a covariate 
visual examination screening process. 
4.7.1.3 Base Pharmacokinetic/Pharmacodynamic Models 
In order to describe the time to progression or the time to 
severe neutropenia a parametric survival function was used as 
presented below: 
𝑆 𝑡 =   𝑒! ! ! ·!"!!     (Eq. 4.4) 
Where h(t) is the hazard, and S(t) the survival which is a 
function of the cumulative hazard within the time interval between 
start of the study (time zero) and the time t of the event, describing 
the probability of not experiencing the event within this interval.  
The base model was developed by exploring different 
functions for the hazard h(t): Weibull, exponential, Gompertz and 
log-normal distributions (Eq. 3.30-3.33) (79). 
4.7.1.4 Covariate Pharmacokinetic Model 
Covariates were normalized to the population median 
values, with continuous covariates modelled using the general linear 
equation Eq.3.16. Missing covariate values were handled by 
replacement of the missing value with the median of the covariate. 
First, diagnostic plots were constructed of the random 
effects (inter-individual variability) of apparent oral clearance 
(CL/F), apparent volume of distribution (Vd/F) and absorption 
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constant (ka) versus the covariates summarized in Table 4.6. Based 
on these diagnostic plots, selected covariates were tested one by one 
by univariate analyses and, if correlated, only the covariate that 
showed the highest improvement of model performance was 
included in the multivariate analysis.  
The inclusion of allometric scaling on pharmacokinetic 
parameters (Vd/F and CL/F) was also tested, based on Eq.3.20 and 
Eq.3.21.  
Subsequently, selected covariate relationships were 
evaluated by forward inclusion and backward deletion procedure, 
using the stepwise covariate modelling (SCM) tool implemented in 
the PsN software (77).  
 
Table 4.6. Summary of explored covariates. 
Covariate Continuous/ Dichotomous 
Parameters on which 
covariates were tested 
Age Cont. CL/F, Vd/F, ka 
Gender Dich. CL/F, Vd/F, ka 
Body Weight Cont. CL/F, Vd/F, ka 
Height Cont. CL/F, Vd/F, ka 
BSA Cont. Vd/F 
CRCL Cont. CL/F 
Allometric scaling Cont. CL/F, Vd/F 
Cont: continuous; Dich: dichotomous; BSA: body surface area; CRCL: 
creatinine clearance; CL/F: apparent clearance; Vd/F: apparent volume of 
distribution; ka: absorption constant. 
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4.7.1.5 Covariate Pharmacokinetic/Pharmacodynamic Models 
To explore the effect of lenalidomide exposure as a risk 
factor for multiple myeloma progression or as a risk factor for 
severe neutropenia, the previously developed and validated 
population pharmacokinetic model was used to calculate 
lenalidomide exposure parameters (AUC0-∞ and Cmax) in all patients 
included in the study. For patients not included in the 
pharmacokinetic analysis, deterministic simulations were performed 
to calculate AUC0-∞ and Cmax using the population PK parameters 
obtained in the previous pharmacokinetic study (η=0) (and taking 
into account the dose history and the covariate values of each 
patient). In patients in whom PK samples were available, to 
calculate AUC0-∞ and Cmax the individual PK parameters (η=ηi) 
were estimated using the Bayesian maximum a posteriori 
probability method, as represented in Fig 4.6. 
 




Fig 4.6. Simulation of AUC0-∞- and Cmax performed for the time-to-event analyses.  
The covariates summarized in Table 4.7 were tested one by 
one over the baseline hazard by univariate analyses. Subsequently, 
selected covariate relationships were evaluated by forward inclusion 
and backward deletion procedure, using the SCM tool implemented 
in the PsN software (77).  
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Total immunoglobulin plasma level Cont. 
Serum beta-2-microglobulin Cont. 
Haemoglobin Cont. 
Serum calcium Cont. 
Serum albumin Cont. 
AUC0-∞  Cont. 
Cmax Cont. 
Type of monoclonal protein Dich. 
ASCT Dich. 
Stage Dich. 
Baseline neutrophil count Cont. 
Expression status of CD138, CD38, 
CD56, CD19 and CD45 on myeloma 
cells   
Dich. 
Cytogenetic abnormalities of p53 
(17p13), Rb1 (13q14) or IGH/FGFR 
t(4;14)  
Dich. 
Cont: continuous; Dich: dichotomous; AUC0-∞: area under the concentration-




The hazard (h), including covariates, was modelled over 
time (t) as: 
ℎ 𝑡 =   ℎ! 𝑡 · 𝑒!!·!!!!!·!!!...!!!·!!   (Eq.4.5) 
where h0(t) is the baseline hazard without influence of 
covariates, Xi represents the potential covariates tested and βi 
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represents the regression coefficient describing the effect of 
covariate Xi. The integral of the hazard with regard to time provided 
the cumulative hazard, known sometimes as the risk.  
The hazard ratio of a given covariate Xi was obtained by eβ. 
The covariate coefficient (βi) was modelled for dichotomous 
covariates as follows: 
ℎ 𝑡 =   ℎ! 𝑡 · 𝑒!!·!!    (Eq.4.6) 
where Xi is the value of the dichotomous covariate (0 or 1). 
If Xi=0, the baseline hazard (h0) remains constant; if Xi=1, the 
baseline hazard is modified by the effect of the covariate. 
Dichotomous covariates were coded as 0 for the most frequent 
category, otherwise 1, so that the covariate parameter is estimated 
for the less frequent category. 
For continuous covariates, the covariate coefficient (βi) was 
modelled as follows: 
ℎ 𝑡 =   ℎ! 𝑡 · 𝑒!!·(!!!!!"#$%&)  (Eq.4.7) 
where Xi is the value of the continuous covariate and Xmedian 
is the median value of the continuous covariate. Thus, the baseline 
hazard is modified for every unit of increase/decrease in the value 
of the continuous covariate relative to the median value. All 
continuous covariates were tested for both linear and bi-linear 
relationship.  
Missing covariate values were handled by replacement of 
the missing value with the median of the covariate. For time-
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varying continuous covariates, linear interpolation was used to 
estimate missing data. 
4.7.2 Model Selection Criteria 
Statistical criteria 
Objective function value (OFV) is the main metric for 
goodness-of-fit characterization when developing non-linear mixed 
effects models. This parameter is routinely reported as part of the 
NONMEM output. The OFV is calculated as -2log likelihood, so 
the minimization of the OFV corresponds to the maximization of 
the likelihood.  
Given that for hierarchical models the difference between 
OFV follows a χ2 distribution, this parameter allows the best model 
to be selected taking into consideration the degrees of freedom (df) 
(i.e. df = 1 and ΔOFV = -3.84 corresponds to p = 0.05). When 
evaluating structural models, a p=0.05 was chosen as the criterion 
for accepting a more complex model over a simpler model. 
Regarding covariate models, inclusion of covariates was 
carried out using a stepwise covariate inclusion procedure (SCM 
tool) implemented in the PsN software (77). Significance levels 
were set to 0.05 and 0.01 for the forward inclusion and backward 
deletion approaches, respectively. A covariate effect was only 
maintained in the model if the inclusion resulted in a reduction in 
random variability and improved model fit. 
 
 




The basic goodness-of-fit plots contrast the observed values 
with the associated model-predicted values. These plots were 
assessed both for population predictions and individual predictions. 
In the assessment of these plots, close scattering around the line of 
identity is regarded as an indication of adequate model 
performance. 
The conditional weighted residuals (CWRES) are an 
advanced version of weighted residuals that suit better if FOCE 
estimation method is used. CWRES plots against time should 
exhibit random scattering around the zero reference line and can be 
used to further assess model adequacy. 
Other criteria 
Other criteria were taken into account for model selection. 
The precision of the parameter estimation, quantified as the relative 
standard error (RSE %), was also evaluated, following the criteria 
of RSE less than 20% for the fixed effect parameters and RSE less 
than 50% for the random effect parameters. Inter-individual 
variability and residual variability were also taken into account 
when comparing models. Finally, shrinkage was also considered on 
inter-individual and residual variability: when data is very 
informative, shrinkage is zero and it moves towards 100% when 
data is less informative. Approximately, 20-30% shrinkage may be 
enough in certain cases to lead to unreliable model diagnostics. 
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4.7.3 Model Validation  
Model validation was performed by means of visual 
predictive check plots (VPC) and the bootstrap resampling 
technique. 
VPCs involved simulation of data from the original 
database: the final model was used to simulate new datasets (n=500) 
using the selected database design, and prediction intervals (usually 
95%) were constructed from simulated concentration time profiles 
and compared with observed data.  
For the time-to-event analyses, the predictive performance 
of the final model was assessed using Kaplan-Meier visual 
predictive check plots based on the comparison of survival curves 
estimated from observed and simulated data (n = 1,000 data sets).  
The bootstrap resampling technique was used as an internal 
method to validate the final model. In order to adequately reflect the 
parameter distributions, many replicates (e.g., ≥1,000) were 
generated and evaluated using the final model. Thus, from the 
original dataset, random sampling with replacement generated 
1,000 dataset replicates, and the final population pharmacokinetic 
model was fitted repeatedly to each replicate using the bootstrap 
option of PsN-Toolkit (77). Bootstrap runs with unsuccessful 
minimization were excluded from further analysis. A percentage of 
successful runs higher than 75% was required for final model 
validation (51). The median parameter estimates and their 95% 
confidence intervals (CI) were obtained from the bootstrap 
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replicates and compared with the population pharmacokinetic 














5.1 Patients and treatment 
A total of 54 multiple myeloma patients treated with 
lenalidomide were included in the study. For the population 
pharmacokinetic analysis, blood samples were collected from 15 
patients (PK subgroup) out of the 54 patients included in the study. 
For the PK/PD analyses, clinical data was available from all 
included patients (54 patients).  
The demographic, disease related and treatment related 
characteristics of the included patients are summarized in Table 5.1 
and Table 5.2. 
  










































































































































































































































































































































































































































































































































Table 5.2 Demographic characteristics of patients included in the study: 
categorical variables. 
 PK subgroup (n=15) Total sample (n=54) 










Type of monoclonal protein 
Immunoglobulin G 
Immunoglobulin A 
























Autologous stem cell 























































































*17 patients were treated with only one dose level; 22 were treated with 2 dose levels; 9 
were treated with three dose levels; 3 were treated with 4 dose levels and one was treated 
with 5 dose levels during treatment duration. 
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5.2 Analytical Method 
An HPLC method with UV detection for the determination 
of lenalidomide in human plasma has been successfully developed 
and validated. The results obtained in the validation of the analytical 
method are described in the following sections. 
5.2.1 Linearity 
Statistical analysis using least squares regression indicated 
excellent linearity for lenalidomide in the mentioned range (100–
950 ng/mL). A good correlation between lenalidomide peak areas 
and drug concentration was observed with r2 ≥ 0.99 for all standard 
curves (Table 5.3). Fig 5.1 shows the graphical results of the linear 
regression of the peak area values of lenalidomide obtained by 
HPLC and lenalidomide concentration data to obtain the calibration 
lines. 
 
Table 5.3 Analytical Parameters of Lenalidomide Calibration Curves on 3 
Consecutive Days. 
Standard curve Slope Intercept r2 
Day 1 – curve 1 0.432 -0.495 0.996 
Day 2 – curve 2 0.400 3.160 0.996 
Day 3 – curve 3 0.415 6.070 0.997 
Mean 0.416 2.912 0.996 
SD 0.016 3.290 0.001 






Fig 5.1 Linear regression of the peak area values of lenalidomide obtained by 
HPLC and lenalidomide concentration data to obtain the calibration curves.  
To examine whether the intercept was significantly different 
from zero, the intercept was subjected to a t test. The value of t was 
obtained as 0.56 with a p value of 0.593, indicating that the 
intercept was not significantly different from zero.  
A representative chromatogram of a blank plasma sample is 
shown in Fig 5.2. A representative chromatogram of a 
lenalidomide-spiked plasma sample of 100 ng/mL (limit of 
quantitation) is shown in Fig 5.3.  
 
 





Fig 5.2 Representative chromatogram of a blank plasma sample. The 
chromatogram corresponds to a sample of human plasma from a healthy 
volunteer injected into the high-performance liquid chromatography system. 
 
 
Fig 5.3 Representative chromatogram of a lenalidomide-spiked plasma sample of 
100 ng/mL. The chromatogram corresponds to a sample of human plasma spiked 
with lenalidomide at a concentration of 100 ng/mL, which is the lower limit of 
quantitation of the developed method. The peak at retention time of 10.8 min 
corresponds to lenalidomide. 
5.2.2 Limit Of Detection And Limit Of Quantitation 
Calculations on four replicate experimental showed that the 
LOD and LOQ were 28 and 100 ng/mL, respectively (Table 5.4). 






Table 5.4 Results for the determination of LOD and LOQ on four replicates. 
Blank plasma sample B1 B2 B3 B4 
Mean 
(SD) 
Peak area 4.7 3.8 3.5 3.9 3.9 (0.51) 
LOD Defined as 3 times the blank’s signal 28 ng/mL 
LOQ Defined as 10 times the blank’s signal 100 ng/mL 
LOD: limit of detection; LOQ: limit of quantitation; SD: standard deviation. 
5.2.3 Accuracy and Precision 
The within-run and between-run relative error (accuracy) 
and the CV (precision) are presented in Table 5.5. The intraday 
(within-run) accuracy and precision range was –3.40% to 3.95% 
and 3.08% to 8.33%, respectively. The same parameters for interday 
(between-run) evaluations were –1.79% to 7.59% and 0.88% to 
7.43%, respectively. Accuracy and precision results were 
considered adequate according to the ICH guidelines(75). 
 
Table 5.5 Within-run and between-run accuracy and precision results. 









RE (%) CV (%) 
100 96.59 -3.40 3.08  98.21 -1.79 2.33 
250 256.08 2.43 4.23  268.97 7.59 6.78 
450 456.44 1.43 4.79  481.77 7.06 7.44 
950 987.51 3.95 8.33  994.15 4.65 0.88 
QC: quality control; RE: relative error; CV: coefficient of variation. 




The recovery values were 79.4% to 92.4%, with a mean 
value of 85.98% ± 5.33%, as shown in Table 5.6. The ANOVA 
results showed that there was no significant difference in the 
recoveries of lenalidomide at the four quality control levels (p > 
0.05). 
 












100 121.90 79.4 74.9-83.2  
250 277.79 92.4 87.1-98.5  
450 433.91 86.3 79.3-93.6.  
950 1152.02 85.8 83.5-89.4  
5.2.5 Robustness and Ruggedness 
The results revealed that the method was robust for small 
changes in the parameters. However, increasing the pH value above 
3.5 resulted in marked decrease in the detector signal. As regards 
ruggedness, the variations in values of the capacity factor, retention 
time, and peak areas obtained each time were not significant, 





5.3 Pharmacokinetic and Pharmacokinetic-
Pharmacodynamic Analyses of Lenalidomide 
5.3.1 Pharmacokinetic Analysis 
5.3.1.1 Exploratory Analysis 
A total of 53 blood samples from a total of 15 patients were 
available for the current analysis. Fig 5.4 shows observed and mean 
± standard deviation plasma lenalidomide concentration as a 
function of time for each dose level.  
 
Fig 5.4 Mean (±SD) lenalidomide plasma concentration-time data. Black dots 
represent the observed values. Dose of 25 mg/day, n=6; Dose of 15 mg/day, n=5; 
Dose of 10 mg/day, n=2; Dose of 5 mg/day, n=2. 
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Table 5.7 shows lenalidomide plasma concentrations and 
sampling times for the 15 patients included in the pharmacokinetic 
study. Mean observed lenalidomide plasma concentrations, standard 
deviations and coefficient of variation for the different administered 
doses are shown in Table 5.8. 
 
Table 5.7 Lenalidomide plasma concentrations and sampling times for the 15 
patients included in the pharmacokinetic study. 









1 1 414  8 0.5 104 
1 2 294  8 1 146 
1 4 88  8 2 118 
2 0.5 50  8 4 58 
2 1 69  9 0.5 37 
2 2 63  9 1 84 
2 4 26  9 4 113 
3 0.5 273  10 1 17 
3 1 213  10 2 120 
3 2 152  10 4 118 
3 4 115  11 0.5 168 
4 0.5 56  11 1 531 
4 1 221  11 4 152 
4 2 297  12 1 418 
4 4 226  12 2 452 
5 0.5 55  12 4 294 
5 1 57  13 0.5 180 
5 2 49  13 1 235 
5 4 35  13 2 235 
6 0.5 154  13 4 112 
6 1 266  14 2 409 
6 2 212  14 3 365 
6 4 130  15 0.7 197 
7 0.5 0  15 1.1 175 
7 1 29  15 2.1 168 
7 2 116  15 4 117 
7 4 144     








Table 5.8 Mean observed lenalidomide plasma concentrations, standard 
deviations and coefficient of variation for the different administered doses. 




SD CV (%) 
25  
(n=6) 
0.5 107.33 93.22 86.85 
1 331.60 193.58 58.38 
2 296.60 138.35 46.65 
4 195.50 108.47 55.48 
15 
(n=5) 
0.5 117.50 82.64 70.33 
1 146.40 93.37 63.78 
2 205.00 77.37 37.74 
4 137.20 49.71 36.23 
10 
(n=2) 
0.5 188.50 119.50 63.40 
1 179.50 47.38 26.39 
2 135.00 24.04 17.81 
4 86.50 40.31 46.60 
5  
(n=2) 
0.5 52.50 3.54 6.73 
1 63.00 8.49 13.47 
2 56.00 9.90 17.68 
4 30.50 6.36 20.87 
SD: standard deviation; CV: coefficient of variation. 
5.3.1.2 Base Pharmacokinetic Model 
The tested structural models together with the differences in 
the objective function value (OFV) and p-values are summarized in 
Table 5.9. A 1-compartment model with 3 transit compartments to 
describe absorption, and first order elimination was the model that 
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Table 5.9 Structural model building process. 
Bold: selected model. 
 
Goodness-of-fit plots of the explored structural models are 









Model number Compared 








OFV ΔOFV p-value 
1-compartment  
#1 - 3 4 486.3 - - 
2-compartments  


























Fig 5.5 Goodness-of-fit plots for the structural model #1. DV: observed 
concentrations; IPRED: individual predictions; PRED: population predictions; 




















Fig 5.6 Goodness-of-fit plots for the structural model #2. DV: observed 
concentrations; IPRED: individual predictions; PRED: population predictions; 
CWRES: conditional weighted residuals; HOUR: time after lenalidomide 























Fig 5.7 Goodness-of-fit plots for the structural model #3. DV: observed 
concentrations; IPRED: individual predictions; PRED: population predictions; 
CWRES: conditional weighted residuals; HOUR: time after lenalidomide 






















Fig 5.8 Goodness-of-fit plots for the structural model #4. DV: observed 
concentrations; IPRED: individual predictions; PRED: population predictions; 
CWRES: conditional weighted residuals; HOUR: time after lenalidomide 




















Fig 5.9 Goodness-of-fit plots for the selected structural model #5. DV: observed 
concentrations; IPRED: individual predictions; PRED: population predictions; 
CWRES: conditional weighted residuals; HOUR: time after lenalidomide 


















Fig 5.10 Goodness-of-fit plots for the structural model #6. DV: observed 
concentrations; IPRED: individual predictions; PRED: population predictions; 
CWRES: conditional weighted residuals; HOUR: time after lenalidomide 
administration (hours).  
 
 
The delayed absorption of lenalidomide was best described 
with three transit compartments, using a first-order rate constant 
describing the transfer from the dose compartment into the transit 
compartments and subsequently into the central compartment. The 
structure of the selected structural model is represented 






Fig 5.11 Schematic representation of the pharmacokinetic model for 
lenalidomide. A linear one-compartment model with first-order absorption and 
elimination, including three transit compartments to describe the absorption 
phase. ka: absorption constant; Vd/F: apparent volume of distribution; Cl/F: 
apparent clearance. 
 
Inter-individual variability was evaluated on all the 
structural model parameters using an exponential variability error 
model. Additive, proportional, exponential, Poisson and additive-
proportional error models were tested to explain residual variability, 
as shown in Table 5.10. Based on graphical assessment a Poisson 
error model was selected to explain residual variability.  
 
Table 5.10 Results of the different residual error models tested. 
Model (units of RV) RV OFV 
Poisson (CV%) 13 462.307 
Additive (ng/mL) 15 466.665 
Proportional (CV%) 28 481.818 
Exponential (CV%) 28 481.818 
Additive-proportional (ng/mL, CV%) 8, 10 461.234 
OFV: objective function value; RV: residual variability; CV: coefficient of variation. 
 
Once the base model was selected, three different 
approaches were tested to handle the observations below the LOQ 
of the analytical method for the determination of lenalidomide: (1) 
omit values below the LOQ, (2) replace values below the LOQ with 
LOQ/2 and (3) use the real measured values. According to 
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goodness-of-fit plots and as recommended in literature (80), the 
final model was developed using the real measured values.  
5.3.1.3 Covariate Pharmacokinetic Model 
Fig 5.12 shows the graphical results of the univariate 
covariate visual examination screening process. Table 5.11 shows 
the results of the univariate covariate analysis together with the 
differences in the OFV between the tested models.  
Significant relationships were found in the univariate 
analysis for sex on ka, creatinine clearance on CL/F and BSA on 
Vd/F. Allometric scaling on both CL/F and Vd/F also improved 
OFV and model fit, as shown in Table 5.11.  
Allometric scaling on Vd/F and CL/F decreased OFV 
10.621 units and the inter-individual variability (IIV) of Vd/F 
decreased from 39% to 25% by the incorporation of allometric 
scaling. IIV of CL/F did not change. 
The addition of BSA as a covariate on Vd/F decreased OFV 
15.636 units when compared to the base model. The inter-individual 
variability of Vd/F decreased from 39% to 19% by the 






Fig 5.12. Graphical results of the univariate covariate analysis. The distribution 
of IIV on ka, Vd/F and CL/F is represented versus the covariate values. BSA: 



















































































































































































































































































































































































































































































Creatinine clearance was identified as a covariate affecting 
CL/F. The OFV decreased 7.2 units when compared to the base 
model and the inter-individual variability of CL/F decreased from 
37% to 27% by the incorporation of creatinine clearance. 
Goodness-of-fit plots for the main explored covariates are 
shown in Fig 5.13 and 5.14. 
 
Fig 5.13 Goodness-of-fit plots for the model including creatinine clearance on 
CL/F. DV: observed concentrations; IPRED: individual predictions; PRED: 
population predictions; CWRES: conditional weighted residuals; HOUR: time 
after lenalidomide administration (hours). 




Fig 5.14 Goodness-of-fit plots for the model including body surface area on 
Vd/F. DV: observed concentrations; IPRED: individual predictions; PRED: 
population predictions; CWRES: conditional weighted residuals; HOUR: time 
after lenalidomide administration (hours). 
 
After the forward inclusion and backward deletion step 
(Table 5.12), the final population pharmacokinetic model included 
creatinine clearance as a significant covariate affecting CL/F and 
BSA as a significant covariate affecting Vd/F, since the addition of 








Table 5.12 Results of the multivariate covariate analysis. 




462.307   
Step 1: AND BSA on Vd/F 446.671 -15.636 0.0001 
Step 2: AND CRCL on CL/F 438.619 -8.052 0.0045 
Step 3: AND SEX on ka 434.750 -3.869 0.0491 
Backward deletion 
FULL-model 434.750   
Step 1: MINUS SEX on ka 438.619 3.869 0.0491 
Step 2: MINUS CRCL on CL/F 446.671 8.052 0.0045 
Step 2: MINUS BSA on Vd/F 462.307 15.636 0.0001 
Final model CRCL on CL/F and BSA on Vd/F 
ΔOFV > 3.84 (p<0.05) forward inclusion and >6.64 (P<0.01) for backward deletion. 
ΔOFV: difference of objective function value; BSA: body surface area (continuous); Vd/F: 
apparent volume of distribution; CRCL: creatinine clearance (continuous); CL/F: 
apparent clearance; ka: absorption constant.  
5.3.1.4 Final Pharmacokinetic Model Evaluation 
Goodness-of-fit plots obtained for the final model (Fig 5.15) 
show that both the population prediction (PRED) and the individual 
predictions (IPRED) visually match the observed concentrations. 
Additionally, conditionally weighted residuals (CWRES) plots 
exhibited no systematic deviation over either TIME or PRED. 
Evaluation of the precision of the pharmacokinetic 
parameters was performed with 1,000 bootstrap replications. The 
percentage of successful runs was 91%. Moreover, the parameter 
estimates of the non-successful runs were analysed and did not 
deviate from the parameter estimates of the successful runs. The 
medians, 2.5th and 97.5th percentiles for all of the parameter 
estimates obtained by the bootstrap method are summarized in 
Table 5.13, along with the parameter estimates of the final model. 
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The median values for all pharmacokinetic parameters were 
within 15% of those obtained by the final model, indicating good 
reliability. The 95% CIs were narrow, indicating that the 
performance and stability of the final model were acceptable (Table 
5.13).  
The results of the prediction corrected VPC are shown in Fig 
5.16. Predicted and observed intervals (median, 10th and 90th 
percentiles) are almost identical, showing good predictive 
performance of the final model. Overall, the final model was able to 
























































































































































































































































































































































































































































































































































Fig 5.15 Goodness-of-fit plots for the final model. DV: observed concentrations; 
IPRED: individual predictions; PRED: population predictions; CWRES: 







Fig 5.16 Results of the prediction-corrected visual predictive check. Points 
represent raw data and red lines correspond to the 10th, 50th, and 90th  percentiles 
of the observed data. Shaded areas represent the 95% confidence intervals 
around the 10th, 50th, and 90th prediction percentiles of the simulated data.  
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5.3.2 Pharmacokinetic/Pharmacodynamic Analyses 
 
Once the population pharmacokinetics of lenalidomide were 
characterized and covariates were identified, the next step was to 
describe the time course of drug effects, relating lenalidomide 
exposure to response. For this purpose, the time to disease 
progression during lenalidomide treatment was used as the clinical 
endpoint for the exposure-response analysis. The time to severe 
neutropenia (grade 3 or 4) was used as the clinical endpoint for the 
exposure-toxicity analysis. 
5.3.2.1 Lenalidomide Exposure-Time To Disease Progression 
Analysis  
A total of 26 events (24 progressions and 2 deaths due to 
progression) were recorded in the 54 patients included for this 
analysis. The maximum follow-up period of the study was set to 
1,000 days. Five patients discontinued lenalidomide treatment due 
to adverse events.  
5.3.2.1.1 Base Model 
The different structural models developed by exploring 
different functions of the hazard are summarized in Table 5.14. 
Finally, the time to disease progression was best described by the 
log-normal function with regard to OFV (Table 5.14) and Kaplan-




























1 2 396.737 -9.375 0.0092 





Fig 5.17 Kaplan-Meier VPC-plots for the tested structural models. Upper-left: 
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5.3.2.1.2 Covariate Model  
Using the log-normal function to describe the time to 
progression, significant relationships were found in the univariate 
analysis for area under the concentration-time curve (AUC0-∞), type 
of monoclonal protein (MP), serum β-2-microglobullin (B2MG), 
autologous stem cell transplantation previous to lenalidomide 
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However, after the forward inclusion and backward deletion 
step (Table 5.16), the retained final time-to-progression model (Eq. 
5.1) included serum β-2-microglobullin (B2MG), autologous stem 
cell transplantation previous to lenalidomide treatment (ASCT), 
type of monoclonal protein (MP) and lenalidomide area under the 
concentration-time curve (AUC0-∞) as statistically significant 
predictors of disease progression hazard: ℎ 𝑡 =   ℎ! ·   𝑒 !!·!!!"!!!·!"#$!!!·!"!!!·!"#!!!"       (Eq. 5.1)  
where h0 is the baseline hazard and β1-4 are the regression 
coefficients associated with the covariates. 
 
Table 5.16 Results of the multivariate covariate analysis. 
Model  OFV ΔOFV p-value 
Forward inclusion 
Base model (log-normal) 
 
396.737   
Step 1: AND effect B2MG 363.424 -33.31 0.0001 
Step 2: AND effect ASCT 356.187 -7.237 0.0071 
Step 3: AND effect MP 348.607 -7.580 0.0059 
Step 4: AND effect AUC0-∞ 340.862 -7.745 0.0053 
Step 5: AND effect ALB 336.890 -3.972 0.0462 
Backward deletion 
FULL-model 336.890   
Step 1: MINUS effect ALB 340.862 3.972 0.0462 
Step 2: MINUS effect AUC0-∞ 348.607 7.745 0.0053 
Step 2: MINUS effect MP 356.187 7.580 0.0059 
Step 2: MINUS effect ASCT 363.424 7.237 0.0071 
Step 2: MINUS effect B2MG 396.737 33.31 0.0001 
Final selected model Effect B2MG, ASCT, MP and AUC0-∞  
ΔOFV > 3.84 (p<0.05) forward inclusion and >6.64 (P<0.01) for backward deletion. 
ΔOFV: difference of objective function value; B2MG: serum β-2-microglobullin 
(continuous); ASCT: autologous stem cell transplantation (yes vs. no); MP: type of 
monoclonal protein (IgG vs. other); AUC0-∞: area under the lenalidomide concentration-





The adjusted hazard ratios (HR) and their nonparametric 
95% CIs obtained using the final model are shown in Table 5.17: 
the risk of disease progression was almost 3-fold the baseline 
hazard per each 1 µg/mL increase in serum β-2-microglobullin. 
Patients who received ASCT previous to lenalidomide treatment 
had a higher risk of progression compared to patients who did not 
receive ASCT. The risk of disease progression during lenalidomide 
treatment was higher in patients with immunoglobulin A, light 
chain or non-secretory type of multiple myeloma compared to 
patients with immunoglobulin G type of multiple myeloma. In 
addition, the risk of disease progression during lenalidomide 
treatment increased with the increase of lenalidomide AUC0-∞ over 
1,110 µg·h/L. 
 










Per each 1 µg/mL 
increase 2.44 1.95-3.81 






Yes vs. No 3.56 1.65-18.73 




IgA, light-chain or non-
secretory vs. IgG 3.97 2.02-14.67 
Lenalidomide AUC0-∞ Below 1,110 µg·h/L 1.00 - 
 
 Per each 100 µg·h/L 
increase over 1,110 
µg·h/L 
1.19 1.08-1.35 
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5.3.2.1.3 Final Model Evaluation 
Evaluation of the precision of the model parameters was 
performed with 1,000 bootstrap replications. The 95% CIs obtained 
by the bootstrap technique indicate that performance and stability of 
the final model were acceptable (Table 5.17).  
The Kaplan–Meier VPC plots of the developed time-to-
progression model are shown in Fig 5.18. The developed model 
described well the progression-free survival curves of the studied 
sample. 
 
Fig 5.18 Kaplan–Meier VPC plots. The solid line represents the observed 
Kaplan–Meier curve for the time to disease progression, and the shaded area 
represents the 95% prediction interval of the progression-free survival curve 
obtained with the time-to-event model. VPC, visual predictive check. 
 
Stratified Kaplan–Meier VPC plots for the categorical 
covariates included in the final model are shown in Fig 5.19. The 




to disease progression, and the area between the dashed lines 
represents the 95% prediction interval of the progression-free 
survival curve obtained with the time-to-event model.  
 
 
Fig 5.19 Kaplan–Meier VPC plots of the categorical covariates included in the 
final model. Upper left) Immunoglobulin G type of multiple myeloma; Upper 
right) Immunoglobulin A, light chain and non-secretory type of multiple 
myeloma; Lower left) No autologous stem cell transplantation previous to 
lenalidomide treatment; Lower right) Autologous stem cell transplantation 
previous to lenalidomide treatment. VPC: visual predictive check. 
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5.3.2.2 Lenalidomide Exposure-Time To Severe Neutropenia 
Analysis  
A total of 27 patients experienced severe neutropenia during 
lenalidomide treatment. The maximum follow-up of the study was 
set to 600 days.  
5.3.2.2.1 Base Model 
The different structural models developed by exploring 
different functions for the hazard are summarized in Table 5.18. 
Taking into account the model selection criteria, the time to first 
severe neutropenia was best described by the exponential function 
with regard to OFV (Table 5.18) and Kaplan-Meier plots (Fig 
5.20).  
 
























1 2 354.989 -4.013 0.1344 







Fig 5.20 Kaplan-Meier VPC-plots for the tested structural models. Upper-left: 
exponential; Upper-right: Gompertz; Bottom-left: Weibull; Bottom-right: log-
normal. 
5.3.2.2.2 Covariate Model 
Significant relationships were found in the univariate 
analyses for baseline neutrophil count (N0), age, Cmax and multiple 
myeloma stage (Table 5.19). After the forward inclusion and 
backward deletion step (Table 5.20), the retained final time-to-
severe neutropenia model (Eq. 5.2) included baseline neutrophil 
count, patients’ age and lenalidomide Cmax as statistically significant 
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ℎ 𝑡 =   ℎ! · 𝑒 !!·!!!!!·!"#!!!·!!"#         (Eq. 5.2) 
where h0 is the baseline hazard and βi are the regression coefficients 
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Table 5.20 Results of the multivariate covariate analysis 




359.002   
Step 1: AND effect N0 350.834 -8.168 0.0042 
Step 2: AND effect Age 342.878 -7.956 0.0047 
Step 3: AND effect Cmax 335.990 -6.888 0.0087 
Step 4: AND effect STAGE 331.522 -4.468 0.0345 
Backward deletion 
FULL-model 331.522   
Step 1: MINUS effect STAGE 335.990 4.468 0.0345 
Step 2: MINUS effect Cmax 342.878 6.888 0.0087 
Step 2: MINUS effect Age 350.834 7.956 0.0047 
Step 2: MINUS effect N0 359.002 8.168 0.0042 
Final model Effect N0, Age and Cmax  
ΔOFV > 3.84 (p<0.05) forward inclusion and >6.64 (P<0.01) for backward deletion. N0: 
baseline neutrophil count (continuous); AGE: patient’s age (continuous); 
Cmax:lenalidomide maximum plasma concentration (continuous); STAGE: stage of 
multiple myeloma (categorical).  
 
The adjusted HRs and their nonparametric 95% CIs obtained 
using the final model are shown in Table 5.21. The risk of 
experiencing severe neutropenia during lenalidomide treatment 
decreased by 22% per each 1·109 cells/L increase of baseline 
neutrophil count. Age was identified as a risk factor of experiencing 
severe neutropenia, with a 4% increase per each year increase of 
age. Finally, the risk of experiencing severe neutropenia increased 



























Age Per each year increase 
 1.04 1.01-1.09 
Lenalidomide Cmax Per each 10 ng/mL 
increase 1.02 1.01-1.03 
5.3.2.2.3 Final Model Evaluation 
Evaluation of the precision of the model parameters was 
performed with 1,000 bootstrap replicates. The 95% CIs obtained 
by the bootstrap technique indicate that performance and stability of 
the final model were acceptable (Table 5.21).  
The Kaplan–Meier VPC plot of the developed parametric 
time-to-event model is shown in Fig 5.21. The developed model 
described well the survival curves (severe neutropenia-free survival) 
of the studied sample. 




Fig 5.21 Kaplan–Meier VPC plot. The solid line represents the observed Kaplan–
Meier curve for the time to severe neutropenia, and the shaded area represents 
the 95% prediction interval of the severe-neutropenia-free survival curve 













6.1 Patients and treatment 
All patients included in the study strictly adhered to the 
inclusion and exclusion criteria described in the “Patients and 
Methods” section. This selection ensures that the residual variability 
value of the pharmacokinetic model is not biased as happens when 
no criteria have been pre-established. In addition, there were no 
patients lost to follow-up.  
Clinical information on the diagnosis, stage of the disease 
and general condition of the patient was obtained for all patients 
included in the study. Blood samples could only be obtained in 15 
patients. Lenalidomide is administered orally; therefore, a venous 
access was needed specifically to obtain blood samples. The 
difficulty to place a venous access in multiple myeloma patients 
who have received, most of them, several previous intravenous 
treatments was the main reason for patients not to give consent to 
participate in the study. 
Demographic characteristics were similar between PK 
subgroup and the total sample of patients included in the study 
(Table 5.1). The total sample was composed mostly by women (29 
women, 54%), in contrast with PK subgroup (5 women, 33%) 
(Table 5.2). In both groups, the predominant type of monoclonal 
protein was IgG and free-light chain kappa. Most of the patients had 
received a transplantation previous to lenalidomide treatment, both 
in PK subgroup and in the total sample of patients. Lenalidomide 
was administered more frequently as a second-line treatment, and 
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only two patients received lenalidomide as a first-line treatment. 
Cytogenetic abnormalities were present only in three patients out of 
54 that composed the total sample. 
6.2 Analytical Method 
Liquid chromatography-mass spectrometry has been 
previously employed for the determination of lenalidomide in 
plasma due to its high sensitivity and selectivity (81,82); however 
this type of detector is not available in most laboratories because of 
its high cost. In the past years, fluorescence detection has been 
proposed as an alternative to mass detectors, but lenalidomide is not 
a fluorescent compound so precolumn derivatization with 
fluorescamine is necessary, which increases time of procedure and 
variability (83,84). On the other hand, none of the previously 
published methods has a linearity range that allows therapeutic drug 
monitoring of lenalidomide for pharmacokinetic studies.  
The reliability of the information obtained from the 
determination of drug concentration is an extremely important issue 
for treatment individualization of narrow therapeutic range drugs, 
such as anti-cancer drugs.  
For these reasons, an accurate and precise HPLC method 
with UV detection for the determination of lenalidomide in human 
plasma was successfully developed and validated. The 
chromatographic separation was based on a reversed-phase 




than 15 min total runtime.  
Validation of the assay confirmed the wide linearity range, 
the accuracy, precision, robustness and ruggedness of the developed 
analytical method. In addition, the results confirmed that the 
described method is adequate for recovering lenalidomide.  
6.3 Pharmacokinetic Analysis Of Lenalidomide 
Population pharmacokinetics seeks to characterize plasma 
concentration-time data and to identify potential factors that can 
cause changes in the dose-concentration relationship. Sources of 
inter-individual and intra-individual variability that can influence 
drug efficacy and safety can be identified by employing population 
pharmacokinetic approaches. In this case, the nonlinear mixed 
effects modelling approach was used to perform the population 
pharmacokinetic analysis due to its high reliability and the 
possibility of estimating population pharmacokinetic parameters 
with sparse samples. 
Model development was performed by selecting first a base 
population model (structural and statistical residual model); then, 
the covariate model was developed by selecting patient’s 
characteristics that showed significant impact on model parameters; 
and lastly, the final model (base model and covariate model) was 
evaluated and validated. 
All the analysed lenalidomide plasma concentrations fell in 
the linearity range of the developed method (100-950 ng/mL), 
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except the samples obtained in patients that were receiving 5 mg of 
lenalidomide (n=2), that were below the LOQ. However, the model 
using the real measured values below the LOQ predicted low 
concentrations better than the models that had omitted or replaced 
values below the LOQ. For this reason, values below the LOQ were 
used for model building, as recommended in literature(80). 
One- and two-compartmental pharmacokinetic models were 
compared to find the best fit of the concentration-time data. The use 
of transit compartments for drug absorption was also explored. 
Finally, the structural model that best described the 
pharmacokinetics of lenalidomide in patients with multiple 
myeloma was a one-compartment model with first order elimination 
using three transit compartments to describe absorption (Fig 5.11). 
This model provided a significant reduction of the objective 
function value compared to the other tested models (Table 5.9).  
The delayed absorption of lenalidomide reported in literature 
(25), with a time to achieve maximum plasma concentrations 
ranging from 0.5 to 4 hours after administration was also observed 
in this study and was best described with three transit 
compartments, using a first-order rate constant describing the 
transfer from the dose compartment into the transit compartment 
and subsequently into the central compartment (Fig 5.11). The 
transit compartments could reflect the time required for 
disintegration of the capsule, drug dissolution, transit to absorption 
site, migration of drug molecules to the absorption surface and 




Inter-individual variability was modelled using an 
exponential variability error model (Eq. 3.7). This exponential error 
is appropriate for pharmacokinetic analysis because 
pharmacokinetic parameters are always positive (51). Based on 
graphical assessment and statistical criteria, a Poisson error model 
was used to explain residual variability (Eq. 3.12). Inter-occasion 
variability could not be quantified since samples were only 
collected in one treatment cycle.  
Base model evaluation was performed by plotting the basic 
goodness-of-fit plots of the observed values with the associated 
model-predicted values (Fig 5.5-Fig 5.10). These plots were 
assessed both for population predictions and individual predictions. 
In the assessment of these plots, close scattering around the line of 
identity indicated adequate model performance. In addition, the 
conditional weighted residuals were plotted against time and against 
population predictions, showing random scattering around the zero 
reference line and confirming model adequacy. Furthermore, 
residual standard errors (RSE) of the fixed effect parameters were 
less than 20% and RSE of the random effect parameters were less 
than 50%, indicating a good precision of the parameter estimation 
for the base population model (Table 5.13). 
This way, the base population model was obtained. This 
model was used as the starting point for the next phase of covariate 
model building.  
The main principle for covariate model building followed in 
this study was to include the fewest possible and clinically relevant 
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covariates which inclusion reduces the variability of the estimated 
parameters significantly.  
The method for covariate model building was a stepwise 
covariate inclusion procedure. As a previous step, diagnostic plots 
were constructed of the random effects (inter-individual variability) 
of apparent oral clearance (CL/F), apparent volume of distribution 
(Vd/F) and absorption constant (ka) versus the potential covariates 
(Fig 5.12). 
Based on these diagnostic plots, covariates were tested one 
by one by univariate analyses and, if correlated, only the covariate 
that showed the highest improvement of model performance was 
included in the stepwise covariate analysis (Table 5.11).  
After the stepwise covariate analysis (Table 5.12), 
creatinine clearance and body surface area were identified as 
significant covariates that have an impact on lenalidomide 
pharmacokinetics. Creatinine clearance was identified as a covariate 
affecting lenalidomide oral clearance (CL/F): CL/F decreased and 
lenalidomide concentration tended to increase with the decrease of 
creatinine clearance. The inter-individual variability (IIV) of CL/F 
decreased from 37% to 27% by the incorporation of this covariate 
(Table 5.13). Furthermore, the addition of this covariate in the 
model is supported by previous studies that led to the 
recommendation of dose-adjustments of lenalidomide in patients 
with renal impairment(25,32). As studied previously, lenalidomide 
is not metabolized via cytochrome P450 enzymes in humans and 




of lenalidomide via the renal pathway is high, with the overall 
urinary recovery of unchanged drug being approximately 85% of 
the administered single oral dose. In addition, a recent review on 
lenalidomide pharmacokinetics concluded that renal function is the 
most important factor affecting lenalidomide plasma exposure in 
humans(85). 
Up to now, lenalidomide is administered as a fixed starting 
dose (25 mg/daily) and dose is only adjusted by creatinine clearance 
but not by weight or body surface area (Table 3.5). If grade 3-4 
toxicity appears during treatment, dose is decreased empirically 
(Table 3.6). However, body surface area (BSA) was identified as a 
factor that modifies lenalidomide pharmacokinetics and thus, drug 
exposure. BSA was identified as a covariate affecting Vd/F, with a 
decrease of IIV in Vd/F from 39% in the structural model to 19% in 
the final model (Table 5.13). This kind of relationship between 
BSA and volume of distribution is a common finding in 
pharmacokinetics. Therefore, the use of the developed population 
pharmacokinetic model might be useful to adjust doses in advance 
before toxicity appears, taking into account not only creatinine 
clearance but also body surface area.  
According to previous studies(71,85), oral absorption of 
lenalidomide is rapid and the maximum plasma concentration 
(Cmax) is observed approximately one hour post-dose. Co-
administration with a high-fat meal reduces AUC and Cmax by 
approximately 20 and 50 %, respectively, and delays time to reach 
Cmax (tmax) by 1.63 hours. However, phase III trials were dosed 
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without regard to food; therefore, clinical relevance of the food 
effect was considered minimal. In this study, patients took 
lenalidomide following the indications of the manufacturer, which 
means either with or without food. This might be one of the reasons 
why the variability observed in the absorption phase in this study 
was high (CV~60%). Transit compartments were used to explain 
the observed delay in absorption. The addition of transit 
compartments to the model managed to reduce more than half the 
variability in the absorption constant (CV from 142% to 62%). 
However, the absorption rate constant (ka) of lenalidomide was 
difficult to estimate since the dataset had a low number of high 
concentrations collected between 0 and 1 hour after dose intake.  
The final model estimated pharmacokinetic parameters were 
similar to those reported in previous non-compartmental analyses, 
including the recent review by Chen et al. (32,85). The model 
estimated median Vd/F was 57 L (95% CI 49-66) compared to 56 L 
(CV 30%) in previous studies (32,85). The model estimated median 
CL/F was 238.4 mL/min (95% CI 190-307) compared to 199 
mL/min (CV 32%) in previous studies (32,85). 
Regarding final model evaluation and validation, standard 
goodness-of-fit plots were generated to evaluate the fit of the final 
model to the data (Fig 5.15). The linear regressions between the 
observed concentrations and the predicted concentrations by the 
model indicate a good correlation, being more significant when the 
individual pharmacokinetic parameters are used. In all cases all the 




lines and there was no apparent bias in the weighted residual versus 
population and weighted residual versus time plots, suggesting 
reasonably good agreement between observed data and model 
predictions. 
The bootstrap results show that the parameters estimates 
from the final model fell within the 95% bootstrap confidence 
intervals, indicating good precision in model parameter estimation 
(Table 5.13). Minimization was successful in 91% of the bootstrap 
replicates. Moreover, the parameter estimates of the non-successful 
runs were analysed and did not deviate from the parameter 
estimates of the successful runs. The visual predictive check results 
confirmed the stability, performance and predictive power of the 
final model (Fig 5.16). 
The blood sampling scheme used in this study was designed 
taking into account previous non-compartmental pharmacokinetic 
analyses of lenalidomide, showing a rapid disposition and 
elimination (elimination half-life around 3 hours)(19). In addition, 
patients’ convenience was also taken into account for blood 
sampling scheme selection.  
Taking into account the low incidence of multiple myeloma 
(2% of all new cancers and incidence rates per 100,0000 population 
of 4 in Spain (2) and the absence of previous population 
pharmacokinetic models of lenalidomide, the information obtained 
from this analysis could be very valuable. Nevertheless, a 
prospective validation of the developed model would be needed to 
propose any dose recommendation.  
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6.4 Pharmacokinetic/Pharmacodynamic Analyses of 
Lenalidomide 
Population PK/PD models describe the time course of drug 
effects, relating drug exposure to response (therapeutic or 
toxicological). PK/PD evaluations are useful to identify sources of 
variability that might contribute to lack of efficacy or predispose 
patients to adverse events.  
A parametric survival model was preferred to a non-
parametric or semi-parametric survival model because this approach 
enables to predict survival time, hazard rates and mean and median 
survival times and to plot covariate-adjusted survival curves.  
The previously developed and validated population 
pharmacokinetic model of lenalidomide was used to calculate 
exposure parameters, such as lenalidomide maximum plasma 
concentration and area under the concentration-time curve. 
Exposure was then used as a time-varying covariate, thus 
longitudinal lenalidomide exposure was evaluated as a risk factor of 
disease progression or severe neutropenia.  
6.4.1 Lenalidomide Exposure-Time To Disease 
Progression Analysis  
To perform the lenalidomide exposure-response analysis, 




defined as the time from the start of lenalidomide until multiple 
myeloma progression, according to the IMWG criteria (22).  
The time to progression was best described by the log-
normal function with regard to OFV and Kaplan-Meier plots (Table 
5.14, Fig 5.17).  
The identified and quantified specific risk factors of 
progression during lenalidomide treatment were serum β-2-
microglobullin levels, autologous stem cell transplantation previous 
to lenalidomide treatment, type of monoclonal protein and 
lenalidomide AUC0-∞, (Table 5.17).  
The developed time-to-disease progression model identified 
lenalidomide exposure, measured as AUC0-∞, as a statistically 
significant risk factor for multiple myeloma progression. The results 
of this study show that patients with lenalidomide AUC0-∞ above 
1,110 µg·h/L (median value of the studied sample) had an increased 
risk of disease progression of 19.7% per each 100 µg·h/L increase 
of AUC0-∞ (Table 5.17). This trend was observed previously in an 
exploratory univariate analysis in which median time-to-progression 
was calculated for different AUC0-∞ groups (quartiles). Median time 
to multiple myeloma progression was higher in patients with lower 
AUC0-∞ values, and decreased with the increase in AUC0-∞ values. 
This effect was especially notorious for patients with IgG type of 
monoclonal protein, since patients with AUC0-∞ values in the first 
and second quartile did not reach the median time-to-progression 
during the follow-up (Table 6.1). However, in the final model this 
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increased risk of disease progression was only observed in patients 
with AUC0-∞ values over 1,110 µg·h/L. 
 
Table 6.1 Median time-to-progression for the different AUC0-∞ quartiles by type 
of immunoglobulin (IgG vs. IgA, light-chain and non-secretory). Univariate 
exploratory analysis. 
AUC0-∞ quartiles  
(AUC0-∞ values (µg·h/L)) 



































*Median time-to-progression was not reached during the follow-up (1,000 days) 
in this subgroup. 
 
This increased risk of disease progression might be a result 
of an increased rate of lenalidomide resistance. As several studies 
have shown previously, diverse molecular mechanisms, such as 
activation of the Wnt/β -catenin pathway and the ubiquitously 
expressed E3 ligase protein cereblon, have been found to be 
associated with lenalidomide resistance in a dose- and time-
dependent fashion in multiple myeloma cell cultures(86–88). 
Moreover, other studies have identified a link between the β-catenin 




antineoplastic drugs such as cisplatin in laryngeal carcinoma(89) 
and anthracyclines in neuroblastomas(90), acute myeloid 
leukemia(91), and myeloma(92).  
In addition to these findings, studies from recent years 
suggest that tumours harbour drug-resistant cells before they 
encounter therapy(93–95). The population of resistant cells stays 
small because cancer-cell populations (resistant and sensitive cells) 
compete with each other. When a patient receives a high dose of 
chemotherapy, however, the resistant cells become much fitter than 
the susceptible cells and the disease progresses.  
Typically, physicians will give the maximum dose of 
chemotherapy that a person can tolerate, to kill as many cancerous 
cells as possible. However, adjusting dosage according to tumour 
response could maintain balance in the populations of sensitive and 
resistant cells and delay disease progression(96).  
Recently, this idea was tested in mice with two kinds of 
breast cancer(97). Three groups of mice were treated with (1) the 
standard, maximum tolerated dose of the chemotherapy drug 
paclitaxel, (2) the same standard dose of paclitaxel but skipping 
doses whenever the tumour began to shrink, and (3) the standard 
high dose of paclitaxel at first, but once initial tumour control was 
achieved, it was maintained with progressively smaller drug doses. 
This third strategy resulted in the best survival of the three groups 
of mice. 
This study findings support the above exposed theory of 
progressively decrease dosage according to tumour response or, in 
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this case, as an exposure target of the drug (AUC0-∞) related with 
the response has been found, therapeutic drug monitoring of 
lenalidomide could be used, in order to maintain the balance in the 
populations of sensitive and resistant cells. 
According to Richardson PG et al. (26) concentrations of 
lenalidomide of approximately 25.9 to 259 ng/mL are needed in 
vitro to modulate the production of cytokines and to inhibit  
multiple myeloma cell proliferation. However, to the best of our 
knowledge, this is the first study that has identified in the clinical 
setting an exposure target related to response for lenalidomide. 
Nevertheless, the confidence interval for the effect of AUC0-∞ on 
the risk of progression was close to one (HR=1.19 95%CI 1.08-
1.35), and thus results should be interpreted carefully. 
Type of monoclonal protein was also identified as a 
statistically significant risk factor for multiple myeloma 
progression. Patients with immunoglobulin A, light chain or non-
secretory multiple myeloma had an increased risk of progression 
compared with immunoglobulin G multiple myeloma patients 
(HR=3.97 95%CI 2.02-14.67) (Table 5.17). This finding is 
supported by the fact that it is well known that the clinical course of 
myeloma may be determined in part by the type of monoclonal 
protein produced: patients with light chain myeloma have a higher 
incidence of renal failure and associated amyloidosis, a smaller 
serum M component, and a higher rate of light chain excretion than 
those with other types of multiple myeloma(98). However, to our 




protein as a statistically significant specific risk factor of disease 
progression during lenalidomide treatment. 
The Revised International Staging System for multiple 
myeloma was developed based on 10,750 previously untreated 
patients from over 17 institutions worldwide(15). This staging 
system incorporates data on the levels of serum β-2-microglobulin, 
which was also identified in this study as a statistically significant 
risk factor for multiple myeloma progression: the risk was almost 3-
fold the baseline hazard of disease progression per each 1 µg/mL 
increase in serum β-2-microglobullin (HR 2.44 95%CI 1.95-3.81) 
(Table 5.17).  
The prognostic value of serum β-2-microglobullin level in 
myeloma is probably due to two factors: high levels are associated 
with greater tumour burden, and high levels are also associated with 
renal failure, which carries an unfavourable prognosis(99). Thus, 
the addition of this covariate in the final model was extensively 
supported by previous findings. 
Finally, the developed model identified a higher risk of 
disease progression in patients who had received an autologous 
stem cell transplantation previous to lenalidomide treatment 
compared to those patients who had not received a transplantation 
(HR=3.56 95%CI 1.65-18.73) (Table 5.17). The inclusion of this 
covariate as a risk factor can be explained by the fact that patients 
who have received a transplantation have been exposed to more 
different drugs and have a more advanced disease. However, 
number of previous treatments before lenalidomide and stage of the 
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disease were also tested as potential covariates, and no significant 
relation was found with the risk of disease progression. 
Furthermore, this difference in time-to-progression has been 
demonstrated previously in several studies(28,100). 
The association between the risk of progression and serum 
β-2-microglobulin levels, type of monoclonal protein and 
autologous stem cell transplantation previous to lenalidomide 
treatment has already been identified in previous studies. However, 
this association had not yet been quantified using a statistical 
approach calculating risk factors adjusted for lenalidomide 
exposure.  
6.4.2 Lenalidomide Exposure-Time To Severe 
Neutropenia Analysis 
To perform the lenalidomide exposure-toxicity analysis, the 
selected clinical endpoint was the time to severe (grade 3 or 4) 
neutropenia, defined as the time from the start of lenalidomide until 
the appearance of severe neutropenia, according to the CTCAE 
version 4.0 (70) (Table 4.5).  
The time to severe neutropenia was best described by the 
exponential function with regard to OFV and Kaplan-Meier plots 
(Table 5.18, Fig 5.20). Final model evaluation and validation 
results confirmed that the developed model described well the 




The identified and quantified specific risk factors of 
experiencing severe-neutropenia during lenalidomide treatment 
were baseline neutrophil count, lenalidomide maximum plasma 
concentration (Cmax) and age of patients (Table 5.21).  
The results of this study show that for every 10 ng/mL 
increase on lenalidomide Cmax, the risk of severe neutropenia 
increased 2% (HR 1.02 95%CI 1.01-1.03) (Table 5.21). This 
increased risk of haematological adverse events has been observed 
previously in a meta-analysis including patients with multiple 
myeloma, myelodysplastic syndrome and mantle cell lymphoma 
treated by lenalidomide: after adjusting for disease and baseline 
neutrophil or platelet counts, lenalidomide AUC0-∞ was a significant 
predictor of the probability of experiencing grade 3/4 
thrombocytopenia and it was also associated with an increased 
probability of experiencing grade 3/4 neutropenia(85).  
Patient’s age was also identified as a statistically significant 
risk factor for severe neutropenia during lenalidomide treatment. 
According to the model, developed with a sample of patients 
between 49 and 86 years, the risk of severe neutropenia increases 
4% per each year increase in patient’s age (Table 5.21). This might 
be caused by age-related changes that occur in organ function. 
Aging is associated with clinically significant reductions in gastric 
function, hepatic mass and blood flow, bone marrow status, and 
cardiovascular function(101–104). All of these changes may affect 
the pharmacokinetics and pharmacodynamics of drugs, altering 
clinical efficacy and potentially increasing toxicity.  
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This kind of relationship between age and increased rate of 
severe adverse events has been previously observed in 70 year-old 
and older multiple myeloma patients (105,106). For instance, a meta 
analysis of 1,435 multiple myeloma patients aged 65 years or over 
treated with bortezomib in four European clinical trials provided 
evidence for negative impact of grade 3–4 non-hematologic 
toxicity on overall survival (107).  
Nevertheless, the confidence intervals for the effect of 
lenalidomide Cmax and patient’s age on the risk of experiencing 
severe neutropenia were close to one (HR=1.02 95%CI 1.01-1.03 
and HR=1.04 95%CI 1.01-1.09, respectively), and thus results 
should be interpreted carefully. 
6.5 Study Limitations 
The design and development of this study has been carried 
out using maximum scientific criteria. However, since the study 
was developed in the clinical practice routine, some variables that 
could explain the observed variability in the estimated 
pharmacokinetic parameters were not controlled.  
Some of the variables that were not quantified and that could 
contribute to a greater pharmacokinetic variability are fatty food 
intake, compliance, diarrhea and vomiting. Another aspect that 
should be considered is the selection of the blood sampling scheme, 
which was established to have a minimum number of experimental 




order to interfere as least as possible in the daily care routine of the 
included patients. The selected blood sampling scheme limited the 
number of samples collected between 0 and 1 hour after dose 
intake, which made difficult to estimate the absorption rate constant 
(ka). In addition, a sampling scheme of at least two half-lives could 
have been useful to increase parameter estimation precision and to 
better characterize drug disposition properties.  
Inter-occasion variability could not be quantified, since 
samples were collected for each patient only in one of the treatment 
cycles. 
The number of patients who agreed to participate in the 
pharmacokinetic study was limited, and thus individual 
pharmacokinetic parameters could not be estimated for the total of 
patients included in the study. For this reason, to explore the effect 
of lenalidomide exposure as a risk factor for multiple myeloma 
progression or as a risk factor for severe neutropenia, the population 
pharmacokinetic parameters obtained from the selected PK model 
were used for more than half of the patients included in the study 
(65%). However, given the similarity between patients in the PK 
subgroup and the total number of patients included in the study 
(Tables 5.1 and 5.2) a minimal bias is expected. 
In addition, although cytogenetic abnormalities have been 
identified as powerful prognostic factors in myeloma(108), the 
number of patients with t(14;16), t(14;20), or del17p13 by FISH in 
the studied sample was very low (≈ 6%) and none of these 
covariates were identified as prognostic factors in our study.  
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Moreover, although thrombocytopenia, together with 
neutropenia, is one of the most frequent severe adverse events 
during lenalidomide treatment (25), the number of patients that 
experienced severe thrombocytopenia in the studied sample was 
very low (<10%). Therefore, this exposure-toxicity relationship 
could not be further studied. 
The identified limitations are intended to open discussion to 
reinforce this line of research. The developed models for this 
Doctoral Thesis establish the first step for the development of a 
method to optimize lenalidomide treatment in multiple myeloma 
patients. After prospective validation of the models in the clinical 
setting, identified lenalidomide exposure targets (area under the 
plasma concentration-time curve and maximum concentration) 
would be confirmed for time-to-progression and time-to-severe-
neutropenia, and then therapeutic drug monitoring could be used to 
reach an optimal lenalidomide therapy, even before the appearance 
of toxicity.  
As observed for many anti-cancer drugs, the achievement of 
an optimal benefit-risk ratio for lenalidomide is a challenging issue. 
Since an exposure target has been identified, the results obtained in 
this Doctoral Thesis could be critical to optimize the benefit-risk 
profile of lenalidomide. The assessment of the optimal number of 
blood samples and optimal sampling time, would be specially 
important to increase the benefits of lenalidomide therapy reducing 
to a minimum the number of invasive procedures applied to 












This Thesis, focused on characterizing the population 
pharmacokinetics and pharmacodynamics of lenalidomide in 
multiple myeloma patients in order to achieve an optimal drug 
therapy, has drawn the following conclusions: 
 
1. An accurate and precise HPLC method with UV 
detection for the determination of lenalidomide in human plasma 
has been successfully developed and validated and is suitable for 
the accurate quantitation of lenalidomide in human plasma with a 
wide linear range, from 100 to 950 ng/mL.  
2. The population pharmacokinetic model which best 
described the plasma concentration-time profiles of lenalidomide 
in patients with multiple myeloma consisted on a linear one-
compartment model with three transit compartments to describe 
absorption. Estimated pharmacokinetic parameters of 
lenalidomide were: absorption rate constant (6.37 h-1 95%CI 
4.33-9.70), apparent clearance (14.3 L/h 95%CI 11.4-18.4) and 
apparent volume of distribution (57 L 95%CI 49-66). 
3. Creatinine clearance was identified as a significant 
and clinically relevant covariate influencing lenalidomide 
apparent clearance (inter-individual variability decreased from 
37% to 27% with the addition of this covariate). Moreover, body 
surface area was identified as a covariate influencing 
lenalidomide apparent volume of distribution (inter-individual 
variability decreased from 39% to 19% with the addition of this 
covariate).  
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4. Multiple myeloma time-to-progression was 
significantly influenced by four risk factors. A higher risk of 
progression was observed in patients with higher serum β-2-
microglobulin levels (HR=2.44 95%CI 1.95-3.81), in patients 
that had received an autologous stem cell transplantation 
previous to lenalidomide treatment (HR=3.56 95%CI 1.65-
18.73), in patients with IgA type, light-chain type or non-
secretory type of monoclonal protein (compared to IgG type) 
(HR=3.97 95%CI 2.02-14.67); and finally, a higher risk was 
observed in patients with lenalidomide area under the 
concentration-time curve values over 1,110 µg·h/L (per every 
100 µg·h/L increase HR=1.19 95%CI 1.08-1.35). 
5. Time-to-severe neutropenia during lenalidomide 
treatment was significantly influenced by baseline neutrophil 
count, with a higher risk of severe neutropenia in those patients 
that had a lower baseline neutrophil count (HR=0.78 95%CI 
0.52-0.86); by the age of patients, with a higher risk in older 
patients (HR=1.04 95%CI 1.01-1.09); and by lenalidomide 
maximum plasma concentration, with a higher risk in patients 
with higher values (HR=1.02 95%CI 1.01-1.03). 
6. The results obtained in this Thesis constitute a first 
step for the development of a method to optimize lenalidomide 
treatment in multiple myeloma patients. A prospective validation 
of the selected models could be the next step to reach an optimal 
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HOJA DE INFORMACIÓN PARA ESTUDIOS FARMACOCINÉTICOS. 
 
 
Título “Optimización del tratamiento con Lenalidomida mediante modelización 
farmacocinética farmacodinámica en pacientes con mieloma múltiple” 
 
 
Objetivo/finalidad del estudio 
 
Se solicita su participación en este Proyecto de Investigación, cuyo objetivo principal 
pretende profundizar en el conocimiento de la farmacocinética poblacional del fármaco 
Lenalidomida (Revlimid®). Se le pide que otorgue su consentimiento para que done una 
muestra de sangre. 
 
En este estudio participan los servicios de Hematología y Farmacia del Hospital 




Su participación en este estudio es totalmente voluntaria y si usted decide no participar 
recibirá todos los cuidados médicos que usted precise. Su relación con el equipo médico 
que le atiende no va a verse afectada. 
 
Antes de tomar una decisión, lea atentamente este documento y haga tantas preguntas 
como desee para asegurarse que lo ha entendido y desea participar. 
 
Procedimientos del estudio 
 
Si usted decide participar, coincidiendo con el día de consulta con su médico, se le extraerá 
un tubo adicional de sangre de 5 mL a la media hora de tomar Revlimid®, a la hora , a las 2 
horas y a las 4 horas de haber tomado su medicación. Con sus muestras de sangre 
determinaremos la concentración del medicamento en su organismo para construir un 
modelo que nos permita predecir la efectividad y los efectos adversos del medicamento. 
 
Para poder realizar el estudio usted NO tendrá que acudir más veces al hospital de las 
visitas establecidas por su médico para el seguimiento de su enfermedad. 
 
Muestras a recoger 
 
Como parte de este proyecto y al reunir una serie de condiciones definidas en el protocolo 
aprobado por un Comité de Ética de Investigación, se le van a extraer cuatro muestras de 
sangre para utilizarlas con fines de investigación. La investigación con muestras biológicas 
tiene como objetivo aumentar los conocimientos sobre la patología o proceso objeto de 











La extracción de sangre no conlleva más molestias que un simple pinchazo en la vena en el 
brazo. A veces, muy raramente, le puede ocasionar un pequeño hematoma o una leve 
inflamación que remitirán en pocos días. Además, en la medida de lo posible, coincidirá 




La participación en el estudio no conlleva ningún beneficio económico para el sujeto 
participante en el estudio y no le supone coste alguno. En cualquier caso, los datos 





La investigación se desarrollará con el máximo respeto de los derechos individuales, según 
los postulados aceptados internacionalmente por las Naciones Unidas y la Comisión 
Europea (Acta de Helsinki de 2008 y Convenio de Oviedo de 1997). Por ello, todas las 
investigaciones que se lleven a cabo contarán con la aprobación y supervisión de los 
diferentes Comités de Ética quienes velarán por el cumplimiento de los postulados 
anteriormente citados. 
 
Tratamiento de los datos y confidencialidad 
 
Se solicita su consentimiento para la utilización de sus datos y su muestra para el desarrollo 
de este proyecto de investigación. Tanto los datos personales (edad, sexo, raza), como los 
datos de salud o la muestra para investigación, se recogerán empleando un procedimiento 
de codificación. Sólo su MEDICO RESPONSABLE podrá relacionar estos datos con 
usted, siendo responsable de custodiar el documento de consentimiento. Sólo a él/ella le 
corresponde garantizar el cumplimiento de su voluntad en relación al uso de la muestra 
biológica que usted cede para investigación. 
 
La información será procesada durante el análisis de los datos obtenidos y aparecerá en los 
informes y/o memorias del Proyecto, aunque en ningún caso será posible identificarle, 
asegurando en todo momento el cumplimiento de la Ley Orgánica 15/1999, de 13 de 
diciembre, de Protección de Datos de Carácter Personal. 
 
En observancia a esta ley le informamos que los datos de carácter personal recogidos en 
este estudio pasarán a formar parte de un fichero automatizado que reúne las medidas de 
seguridad de nivel alto. 
 
Asimismo, los resultados de esta investigación podrán publicarse en revistas científicas o 
presentarse en sesiones clínicas, pero siempre garantizando el completo anonimato.  
 
Se garantiza el respeto a la calidad de los proyectos de investigación biomédica y el respeto 
a la dignidad de las personas durante su consecución, en cumplimiento de la Ley 41/2002, 













obligaciones en materia de información y documentación clínica, y la Ley 14/2007, de 3 de 
julio, de Investigación biomédica. 
 
Revocación del consentimiento 
 
Puede revocar en cualquier momento su participación sin necesidad de dar explicaciones, 
sin que ello represente para usted ningún inconveniente y sin perder el derecho a recibir la 
atención médica necesaria para su estado de salud. No se procederá a recoger nuevos datos 
después del abandono del estudio. Si usted decidiera retirarse en cualquier momento del 





Si usted precisa mayor información sobre este estudio puede contactar con el investigador 
principal Beatriz Guglieri López (telf. 961622541) del Servicio de Farmacia del Hospital 
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8.7 Model files 
8.7.1 Population pharmacokinetic model 
;; 1. Based on: run06f 
;; 2. Description: SCM 
;; x1. Author: B. Guglieri 
$PROBLEM    PK LND 
 
$INPUT ID OCC HOUR DV LN_DV TIME ADDL II TIME2 ADDL2 II2 SEX AGE 
WEIGHT HEIGHT CREAT CLCR DOSE CMT MDV AMT MM LC HSCT LINE IG B2MG HB 
CA ALB CACOR CD138 CD38 CD56 CD19 CD45 P53 Q14 IGH L BSA STRAT 
 
$DATA       PKLND.csv IGNORE=# 
$SUBROUTINE ADVAN5 
$MODEL      NCOMPARTMENTS=5 COMP=(DOSE,DEFDOS) COMP=(CP,DEFOBS) 
            COMP=(TRANSIT) COMP=(TRANSIT) COMP=(TRANSIT) 
$PK 
 
;;; CLCLCR-DEFINITION START 
CLCLCR = ( 1 + THETA(6)*(CLCR - 87.70)) 
;;; CLCLCR-DEFINITION END 
 
;;; VCBSA-DEFINITION START 
VCBSA = ( 1 + THETA(5)*(BSA - 1.80)) 
;;; VCBSA-DEFINITION END 
 
;;; VC-RELATION START 
VCCOV=VCBSA 
;;; VC-RELATION END 
 
;;; CL-RELATION START 
CLCOV=CLCLCR 














TVVC = VCCOV*TVVC 
VC=TVVC*EXP(ETA(3)) 
 
k13  = KA 
k34 = K13 
k45  = K13 
k52= K13 
k20  = CL/VC 
S2=VC 
 








W=1/F            
IPRED=F  
IRES=DV-IPRED   
IWRES= IRES/W   
Y= F+SQRT(F)*EPS(1) ; 
 
 
$THETA  (0.1,6.57068) ; KA 
 (0.1,12.8694) ; CL 
 (0.1,60.0154) ; VC 
 1 FIX ; F 
$THETA  (0,1.50,3) ; VCBSA1 
0.001   ;CLCR 
 
$OMEGA  0.420593  ;       CVKA 
 0.12669  ;       CVCL 
 0.0432142  ;       CVVC 
  
 
$SIGMA  2.37002 
$ESTIMATION METHOD=1 INTERACTION MAXEVAL=9000 PRINT=10 POSTHOC 
NOABORT 
            MSFO=msfb2222.msf 
$COV 
 
$TABLE ID TIME OCC HOUR DV LN_DV MDV IPRED IRES IWRES PRED CWRES 
NOPRINT ONEHEADER FILE=sdtab01.csv 
 
$TABLE ID TIME ETA1 ETA2 ETA3 CL VC KA AUC NOPRINT ONEHEADER 
FILE=patab01 
 
$TABLE ID SEX MM LC HSCT LINE CD138 CD38 CD56 CD19 CD45 P53 Q14 IGH 
L NOPRINT ONEHEADER FILE=catab01 
 
$TABLE ID OCC HOUR AGE WEIGHT HEIGHT CREAT DOSE AMT IG B2MG HB CA 
ALB CACOR CLCR AUC BSA NOPRINT ONEHEADER FILE=cotab01 
8.7.2 Time-to-progression model 
;; 1. Based on: run02 
;; 2. Description: LOG NORMAL AUC 
;; x1. Author: B. Guglieri 
 
 
$SIZES      NO=1000 LIM6=2000 
$PROBLEM    Constant Hazard 
$INPUT ID TIME DV EVID SIM IG DOSE LC B2MG CR HB CA ALB CACOR MDV 
SEX AGE WEIGHT HEIGHT MM HSCT LINE STAGE CD138 CD38 CD56 CD19 CD45 
P53 X13Q IGH AUC CMAX CLCR BSA 
 
$DATA      FINALLY2.csv IGNORE=# 
 
$SUBROUTINE ADVAN=13 TOL=9 











;;; RFMM-DEFINITION END 
 
 
;;; RFHSCT-DEFINITION START 
IF(HSCT.EQ.0) RFHSCT = 0  ; Most common 
IF(HSCT.EQ.1) RFHSCT = ( 0 + THETA(6)) 
;;; RFHSCT-DEFINITION END 
 
 
;;; RFAUC-DEFINITION START 
IF(AUC.LE.1110) RFAUC=0 
IF(AUC.GT.1110) RFAUC=(0+THETA(5)*(AUC-1110)) 
;;; RFAUC-DEFINITION END 
 
 
;;; RFB2MG-DEFINITION START 
RFB2MG = ( 0 + THETA(4)*(B2MG-3)) 
;;; RFB2MG-DEFINITION END 
 
;;; RF-RELATION START 
RFCOV=RFB2MG+RFAUC+RFHSCT+RFMM 















DEL=1E-6 ; to keep from taking 0**power 
 
TIM = T+DEL 
LNT = LOG(TIM) 
X1 = (LNT-MU)/SIGM 






IF(NEWIND.NE.2) OLDCHZ=0   ;reset the cumulative hazard 
CHZ = A(1)-OLDCHZ         ;cumulative hazard  
;  from previous time point 
;  in data set 
IF(EVID.NE.2) OLDCHZ = A(1)     ;rename old cumulative hazard 
SUR = EXP(-CHZ) ; survival probility 




DELX = 1E-6 
 
TIMX = TIME+DELX 
LNTX = LOG(TIMX) 
X1X = (LNTX-MU)/SIGM 




; rate of event 
;  each time pt 
;  NB: update with each new model 
 




IF(DV.EQ.0)  Y=SUR         ;censored event (prob of survival) 
IF(DV.EQ.1)    Y=SUR*HAZNOW  ;prob density function of event 
 
IF(ICALL.EQ.4) THEN ; for simulation 
CALL RANDOM (2,R) 
TMP=R 
DV=0 
RTTE = 0 
IF(TIME.EQ.1000) RTTE = 1 ; for the censored observation at 1000 min 
IF(TMP.GT.SUR) THEN 
DV=1 




$THETA  (0,0.909795) ; SIGMA; SD of the log normal distribution 
$THETA  (0,8.06521) ; MU; Mean of the log normal distribution 
1 FIX 
$THETA  (0,1.01297,1000000) ; RFB2MG1 
$THETA  (0.01) ; RFAUC 
$THETA  (0,1.41715,20) ; RFHSCT1 
$THETA  (0,1.44753,1000000) ; RFMM1 
$OMEGA  0  FIX  ;        OM1  ; 1 ;Only to tell NONMEM that each ID 
has multiple rows 
;Sim_start : add/remove for simulation 
;$SIMULATION (5988566) (39978 UNIFORM) ONLYSIM NOPREDICTION SUB=500 





$TABLE ID TIME SUR EVID NOPRINT ONEHEADER FILE=sdtab04 
 
;$TABLE ID ICL IV IKA NOPRINT ONEHEADER FILE=patab04 
 
$TABLE ID AGE WEIGHT HEIGHT IG DOSE LC B2MG CR HB CA ALB CACOR AUC 
CMAX CLCR NOPRINT ONEHEADER FILE=cotab04 
 
$TABLE ID SEX MM LC HSCT LINE STAGE CD138 CD38 CD56 CD19 CD45 P53 





8.7.3 Time-to-severe-neutropenia model 
;; 1. Based on: run09 
;; 2. Description: CONSTANT 600 n0 age cmax 
;; x1. Author: B. Guglieri 
 
$SIZES NO=1000 LIM6=2000 
 
$PROBLEM Constant Hazard 
 
$INPUT ID TIME DV EVID SIM IG DOSE LC B2MG CR HB CA ALB CACOR MDV 
SEX AGE WEIGHT HEIGHT MM HSCT LINE STAGE CD138 CD38 CD56 CD19 CD45 
P53 X13Q IGH AUC CMAX CLCR BSA N0 P0 
 
$DATA NPLND.csv IGNORE=# 
 
 

























IF(NEWIND.NE.2) OLDCHZ=0  ;reset the cumulative hazard 
CHZ = A(1)-OLDCHZ         ;cumulative hazard  
;  from previous time point 
;  in data set 
IF(EVID.NE.2) OLDCHZ = A(1)     ;rename old cumulative hazard 
SUR = EXP(-CHZ) ; survival probility 





HAZNOW=BASE*EXP(RF)               ; rate of event 
;  each time pt 
;  NB: update with each new model 
 
 
IF(DV.EQ.0)   Y=SUR         ;censored event (prob of survival) 
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IF(DV.NE.0)   Y=SUR*HAZNOW  ;prob density function of event 
 
IF(ICALL.EQ.4) THEN ; for simulation 
CALL RANDOM (2,R) 
DV=0 
RTTE = 0 
IF(TIME.EQ.600) RTTE = 1 ; for the censored observation at 480 min 
IF(R.GT.SUR) THEN 
DV=1 










$OMEGA  0  FIX 
 
;Sim_start : add/remove for simulation 
;$SIMULATION (5988566) (39978 UNIFORM) ONLYSIM NOPREDICTION SUB=100 




$TABLE ID TIME SUR EVID NOPRINT ONEHEADER FILE=sdtab13 
$TABLE ID AGE WEIGHT HEIGHT IG DOSE LC B2MG CR HB CA ALB CACOR AUC 
CMAX CLCR NOPRINT ONEHEADER FILE=cotab13 
$TABLE ID SEX MM LC HSCT LINE STAGE CD138 CD38 CD56 CD19 CD45 P53 
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